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ABSTRACT OF DISSERTATION 
 
 
 
 
THE MOBILITY OF FECAL INDICATOR MICROORGANISMS WITHIN A KARST 
GROUNDWATER BASIN IN THE INNER BLUEGRASS REGION, KENTUCKY 
 
This project implemented novel approaches to assess the source, age, 
concentration and mobility of fecal indicator microorganisms within a karst groundwater 
system. Research was conducted in the well-characterized Blue Hole Spring karst 
groundwater basin in Versailles, Woodford County, Kentucky. At this site the AC/TC 
ratio and fecal coliform (FC) bacteria counts were used to delineate sources of fecal 
inputs and determine relative age of the fecal matter. An aging experiment using indicator 
bacteria (total coliform (TC) and atypical colonies (AC)), which approximated subsurface 
conditions, indicated that changes in the AC/TC ratio are likely to be retarded during 
bacterial transport through karst conduits. Decreases in the AC/TC ratio during the 
monitoring period appear to be the result of sewage releases. Multiple logistic regression 
(MLR) modeling was performed to examine correlations between physiochemical 
parameters and FC concentrations. MLR models using physiochemical parameters 
correctly predicted “safe for contact” (< 200 cfu/100 mL FC) conditions 65.6 % of the 
time and “unsafe for contact” (> 200 cfu/100 mL FC) conditions 69.2 % of the time at 
Blue Hole Spring. Modeling using other indicators (TC and AC) predicted “safe for 
contact” conditions 87.5 % of the time and “unsafe for contact” conditions 61.5 % of the 
time. A series of tracer tests were performed to compare transport of solute and abiotic 
particle tracers (rhodamine WT fluorescent dye, bromide and fluorescent bacteria-sized 
microspheres) and bacteria (15N-enriched wild-type E. coli) within the karst system. The 
surrogate tracers did not suitably mimic microbial mobility within the basin. Solutes and 
15N-enriched E. coli arrived concurrently during storm flow to Blue Hole Spring, whereas 
microsphere breakthrough corresponded with maximum solute concentrations. The 15N-
enriched E. coli exhibited slightly more tailing during storm-flow recession than solute 
tracers, none of which exhibited remobilization. Microspheres demonstrated 
remobilization within the conduits that correlated with later increases in discharge related 
to secondary storm events.  
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CHAPTER 1 - INTRODUCTION AND LITERATURE REVIEW 
 
1.1 Introduction, problem statement and hypothesis 
The potential occurrence of pathogens within fecal-contaminated drinking and 
recreational waters poses a significant human health risk, since contact with some of 
these pathogens (e.g., water-borne human enteric viruses, bacterial pathogens and 
protozoan parasites) can cause various types of illnesses. Determining presence of these 
water-borne pathogens is not always economical, thus to establish the presences/absence 
of these pathogens indicator microorganisms are used. Current indicators of possible 
pathogen presence are fecal streptococci (FS), fecal coliform (FC) and total coliform 
(TC), which can be measured economically and quickly. Fecal materials can contaminate 
drinking and/or recreational waters from a variety of sources, ranging from straight pipes, 
failing septic systems and confined animal feeding operations in rural areas, to leaking 
sewer lines and inadequately disinfected waste-water treatment plant discharge in urban 
settings. Indicators have been studied extensively within surface waters, yet at the present 
time it is not well understood how these indicator microorganisms react within a karst 
groundwater environment (e.g., how long do these organisms remain viable in a karst 
setting?, how do they mobilize in these systems?, can age, source and load of the fecal 
contamination be determined?). The primary objective of the research is to address these 
questions concerning indicator microorganisms within karst groundwater systems.  
 
Problem statement: A problem facing the Inner Bluegrass Region of Kentucky is 
contamination of karst aquifers by infiltration of fecal-contaminated surface 
waters. The primary focus of this research was to assess the presence, source, age, 
magnitude and mobility of fecal indicator microorganisms within the Blue Hole 
Spring karst basin located in Versailles, Woodford County, Kentucky.   
 
Hypothesis: Karst aquifer conditions limit decay rates of indicator microorganisms, 
allowing for enhanced mobility of introduced organisms during storm flow. 
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Objective 1:  Determine if conditions in karst aquifers limit decay rates of fecal indicator 
microorganisms and if the AC/TC ratio can be used as a tool for evaluating load, 
source and age of fecal material within karst groundwater systems. 
Summary: 
The first objective was to evaluate temporal variation in source-marker 
characteristics of fecal indicator microorganisms within the Blue Hole Spring karst 
system. To accomplish this objective, weekly FC, TC and atypical colony (AC) counts 
were taken. The weekly data were then integrated with microbial data collected from 
Blue Hole Spring by previous researchers. The AC/TC ratio was calculated and 
compared by statistical modeling with FC counts to determine if the ratio in association 
with FC counts could isolate “hot spots” of fecal loading, determine overall fecal load, 
determine age of fecal material and/or verify changes in groundwater quality within the 
karst groundwater system over time. A laboratory proof-of-concept experiment also 
occurred to determine if the ratio would increase, decrease or remain stable over time 
within a karst system vs. a typical surface water setting. Results from this portion of the 
research are presented in Chapter 2 of the dissertation and will be resubmitted for 
publication in Environmental and Engineering Geoscience. 
 
Objective 2: Perform multiple logistic regression (MLR) modeling to determine if 
physiochemical parameters correspond with FC concentrations within the Blue 
Hole karst groundwater system.  
Summary: 
The second objective was to determine if a correlation existed between 
physicochemical parameters and fecal indicator bacteria concentrations within the Blue 
Hole Spring karst groundwater basin. This objective was met by obtaining weekly 
physicochemical data for the site, including pH, electrical conductivity, precipitation and 
water temperature. These physiochemical variables were then integrated with other 
physiochemical data collected by previous researchers at the site, along with microbial 
data from the first research objective. The combined data set of physicochemical and 
microbial variables was then evaluated using a series of MLR models to calculate 
possible relationships among the data. This portion of the research is found in Chapter 3 
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of the dissertation and will be submitted as a technical note to the Journal of 
Environmental Engineering.  
 
Objective 3: Evaluate mobility of solutes, bacteria-sized latex microspheres and 15N-
enriched microorganisms (wild-type E. coli) in storm-flow tracer tests to 
determine if these tracers display similar mobility and resolve if microorganism 
mobility can be mimicked by solute and/or particle surrogate tracers.  
Summary: 
The final objective was to evaluate fecal indicator microorganism mobility within 
the Blue Hole Spring karst system under storm-flow conditions. To accomplish this 
objective, two storm-flow tracer tests were performed with solutes (rhodamine WT 
fluorescent dye and NaBr salt) and bacteria-sized fluorescent latex microspheres (used to 
mimic bacteria mobility); the second tracer test also included wild-type 15N-enriched E. 
coli. Numerous methods were developed to accomplish this objective, including isolating 
and isotopically (15N) enriching mass cultures of a wild strain of E. coli native to the karst 
system and establishing methods for analyzing fluorescent latex microspheres and 
isotopically enriched E. coli. A proof-of-concept laboratory study occurred to establish 
the detection limit of 15N-enriched mass growths of wild E. coli by isotope-ratio mass 
spectrometer analysis. A rating curve for the site was constructed by measuring spring 
discharge and correlating it with stage. Results from this portion of the research are 
located in Chapter 4 of the dissertation and will be submitted for possible publication in 
Nature Geoscience.   
 
1.2 Karst aquifers 
Karst aquifers form in soluble rock (typically limestone) and are characterized by 
a variety of heterogeneous features including sinkholes, sinking streams, springs and 
caverns. Karst aquifers can host rare and delicate ecosystems, sustain stream flow and 
provide water supplies (Veni et al. 2001). Approximately 15% of the United States is 
underlain by soluble carbonates and karst composes ~ 40% of terrains east of the 
Mississippi River (Aley 1984, Quinlan 1989). Development of preferential flow paths in 
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karst aquifers make these groundwater systems highly vulnerable to point and non-point-
source pollutants (Milanovic 1981, White 1988, Käss 1998, Ford and Williams 2007). 
Usually microorganisms are retained by straining or electrostatic attraction as water 
infiltrates into soils and sediments. Therefore, pathogens are perceived as a more 
significant problem in surface waters, but where karst features occur near the land 
surface, mixing of surface and subsurface waters can transpire easily, thus posing a risk 
to human health via contact or ingestion.  
 
1.3 Research location, regional geology, soils and climate 
The research site is located in Versailles, Woodford County, Kentucky, 
population 7,511 (U.S. Census Bureau 2007). The groundwater basin is well-defined and 
has been the subject of several previous studies (Figure 1.1) (Currens et al. 2002, 
McFarland 2003, Reed 2006). It is thus well-suited for development of new types of 
microbial source tracking and mobilization studies. In the center of this mixed (urban and 
agricultural) watershed Big Spring emerges from beneath the courthouse in downtown 
Versailles. Big Spring feeds a small stream that flows ~ 550 m into Big Spring Park, 
where it disappears into a swallet (or sink hole) (Figure 1.2). The water mixes in the 
subsurface with deeper waters from sources draining the agricultural regions of the 
watershed and then reemerges ~ 500 m west at Blue Hole Spring (Figure 1.3), the 
headwaters of Glenns Creek, which discharges to the Kentucky River just south of 
Frankfort, Kentucky (KWRRI 2008).  
Versailles is located in the Inner Bluegrass Region of Kentucky (Figure 1.4). This 
region consists of carbonate rocks of Middle and Upper Ordovician age, including the 
High Bridge Group, Lexington Limestone and the Clays Ferry Formation, which were 
deposited along the Lexington platform. Exposure of these rocks at the surface occurred 
as a result of the Taconic orogeny during the Ordovician, which formed the Cincinnati 
Arch. The Cincinnati Arch was later modified by the Acadian and Alleghanian orogenies 
of the Paleozoic. It was during modification that the Jessamine Dome was formed, 
breached and eroded to form the Bluegrass Region (Dougherty 1985, Ettensohn 1992).  
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Woodford County topography consists of gently rolling hills ranging in elevation 
from 143 m above mean sea level (amsl) to 305 m amsl (Carey and Stickney 2001). The 
Blue Hole Spring groundwater basin varies from ~ 290 m amsl in the southeast to ~ 256 
m amsl in the northwest near Blue Hole Spring. Surface elevation change between the 
Big Spring Park swallow hole (~ 259 m amsl) and Blue Hole Spring (~ 257.5 m amsl) is 
relatively minimal over the lateral distance of ~ 500 m. Soils within the Blue Hole Spring 
groundwater basin consist of a variety of ten series (Donerail, Dunning, Faywood, 
Huntington, Lawrence, Lindside, Lowell, Maury, McAfee and Newark; see Figure 1.5 for 
soil cover within the groundwater basin) (USDA 2008). The Maury and McAfee series 
are the two primary series in the study area (McDonald et al. 1983).    
Woodford County has an average annual temperature of ~ 13˚C. Average 
temperatures range from ~ -4 to ~ 5˚C during winter months and from ~19 to ~ 30˚C 
during the summers. Annual average precipitation is ~ 112 cm, with ~ 33 cm falling as 
snow, but there are no discernible wet or dry seasons (Clements 1990). 
 
1.4 Water associated pathogens and fecal indicator microorganisms  
Water-borne pathogens can be transported via runoff after storms or from other 
recharging waters into water bodies used as drinking and/or recreational sources (e.g., a 
lake, stream, river or aquifer). The pathogens can thus infect humans through ingestion or 
skin contact with these waters. Three general groups of pathogens are associated with 
waterborne diseases: viruses, bacteria and protozoa (USEPA 2001). Examples of illnesses 
resulting from contact with pathogen-contaminated recreational waters include various 
infections of the eyes, ears, throat, nose and gastrointestinal system along with various 
skin diseases (USEPA, 2001). A summary of diseases and symptoms caused by these 
types of pathogens is provided in Table 1.1. 
By assessing a group of microorganisms termed indicators, human disease risk 
due to contact of a body of water (e.g., possible pathogen presence in the water) can be 
estimated. Currently the most widely used bacterial indicators are coliform bacteria, 
which are members of the family Enterobacteriaceae (Madigan et al. 2003). Large 
quantities of coliform bacteria can be found in the intestinal tract of warm-blooded 
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animals, in their feces, and in soils. The World Health Organization (WHO) drinking 
water standards are currently set at 0 colony forming units (cfu)/100 mL for FC and 100 
cfu/100 mL for TC (WHO 2004). However, for our study, recreational contact standards 
would be more applicable, since Blue Hole Spring is not used for water supply. Primary 
recreational contact levels for E. coli are recommended to be less than 235 cfu/100 mL in 
a single sample, or at a geometric mean equal to or less than 126 E. coli per 100 mL in no 
less than 5 samples collected in a 30-day period (USEPA 2003). The Commonwealth of 
Kentucky has not fully adopted the EPA recommendations and mandates: “Fecal 
coliform content or Escherichia coli content shall not exceed 200 colonies per 100 ml or 
130 colonies per 100 ml respectively as a geometric mean based on not less than five (5) 
samples taken during a thirty (30) day period. Content also shall not exceed 400 colonies 
per 100 ml in twenty (20) percent or more of all samples taken during a thirty (30) day 
period for fecal coliform or 240 colonies per 100 ml for Escherichia coli. These limits 
shall be applicable during the recreation season of May 1 through October 31.” Section 
(a) shall apply for the remainder of the year and states “Fecal coliform content shall not 
exceed 1,000 colonies per 100 ml as a thirty (30) day geometric mean based on not less 
than five (5) samples; nor exceed 2,000 colonies per 100 ml in twenty (20) percent or 
more of all samples taken during a thirty (30) day period” (KDW, 2003).  
Bacteria composing the TC group include all facultative anaerobic and aerobic, 
non-spore-forming, gram-negative rod-shaped bacteria that ferment lactose within 24 
hours at 35°C (APHA 1998). The TC group includes the most common intestinal 
organisms, E. coli and Citrobacter freundii, the less common intestinal organism 
Klebsiella pneumoniae, and Enterobacter aerogenes, an organism not commonly 
associated with the intestinal tract (Madigan et al. 2003). The FC group, which includes 
E. coli and K. pneumoniae, differs from the TC group in having the ability to ferment 
lactose at the elevated temperature of 44.5°C. FC presence in water is thought to be a 
more accurate indicator of fecal contamination by warm-blooded animals than TC (Bitton 
1999). 
Atypical colonies formed on total coliform (m-Endo) media are red, sheenless 
colonies that have been nicknamed in the literature as atypical coliform (AC) This group 
of bacteria has also been examined as a possible indicator of fecal contamination in 
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surface waters. Traditionally AC growth was thought to be a nuisance because they grew 
on the same media used to isolate TC and interfered with TC analysis. In recent research, 
AC concentrations have proven to be a critical input parameter when modeling to predict 
the origins of fecal pollution in surface watersheds and the relative age of pollution 
(Brion and Lingireddy 1999). Brion and Mao (2000) identified AC that included a variety 
of microorganisms, such as Aeromonas spp., Salmonella spp., Pseudomonas spp. and 
Vibrio spp. It has been suggested that some AC colonies may be TC colonies that lost 
their ability to ferment lactose in 24 hours because of environmental stresses (Brion and 
Mao 2000). However, their concentrations in surface waters have been shown to be 
relatively stable in comparison to TC or FC, suggesting that a good portion of the AC 
colonies is indigenous to nutrient enriched waters. In addition, the ratio of AC counts to 
TC counts has shown promise as a predictor of FC and enteric virus levels in waterways 
and springs in central Kentucky (Nieman and Brion 2003, Reed 2006, Black et al. 2007). 
 
1.5 Evaluation of fecal indicator microorganisms in karst 
Across Kentucky, various studies have examined the occurrence of fecal indicator 
microorganisms in karst aquifer systems. Scanlon (1990) observed fecal coliform (FC) 
and total coliform (TC) concentrations for 13 springs in the Inner Bluegrass region, all of 
which had concentrations exceeding drinking-water standards (WHO 2004). Reed (2006) 
evaluated FC, TC, AC and MSP (male-specific coliphage, indicative of human fecal 
inputs) concentrations for Blue Hole Spring in Versailles, determining average FC counts 
of 160 cfu (colony forming units)/100 mL, average TC counts of 3600 cfu/100 mL and 
average AC counts of 40,000 cfu/100 mL for a combined dataset covering wet and dry 
climate conditions. Biweekly MSP counts averaged 1 pfu (plaque forming unit)/100 mL 
under dry conditions and 2 pfu/100 mL during wet conditions for Blue Hole Spring.   
Green et al. (1990) isolated fecal streptococci (FS) and FC from groundwater in 
the karstic Lost River system near Bowling Green, Warren County. Those authors found 
FC/FS ratios in this region > 4 were indicative of contamination from septic tanks, while 
ratios of 0.4 or less in some samples were thought to originate from non-human animal 
sources. In two agricultural watersheds used primarily for cattle grazing in Fleming and 
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Bourbon Counties, a series of wells, springs and streams were examined to assess the 
FC/FS ratio as a source indicator of fecal contamination (Howell et al. 1995). Howell et 
al. (1995) determined that the ratio identified domestic animal contamination within the 
watersheds, but was unable to distinguish between human and domestic animal 
contaminant sources. During the study all sites exceeded mean FC concentrations for 
EPA primary contact water standards (200 cfu/100 mL) and seven of eleven locations 
exceeded the standard 50% of the time (Howell et al. 1995). Within the Garrett’s Spring 
groundwater basin in Fayette, Jessamine and Woodford counties, Felton (1996) found 
that FS averaged 4300 cfu/100 mL while FC averaged 1700 cfu/100 mL. Currens (1999) 
evaluated FC and FS concentrations for the Pleasant Grove Spring karst basin in Logan 
County, finding FC counts averaging 465 cfu/100 mL and FS counts averaging 1,891 
cfu/100 mL. 
The occurrence of fecal indicator bacteria has also been analyzed in karst terrains 
beyond Kentucky. Pasquarell and Boyer (1995) found that FC concentrations varied 
seasonally with soil water content in a karst groundwater basin draining agricultural lands 
in West Virginia. FC concentrations peaked during summer months, when soil water 
content was sufficient for transport of bacteria into the groundwater, and typically 
declined during the drier fall months. It is thought that fecal material is stored within soil 
during dry periods and bacteria are transported into the groundwater system during wet 
periods (Pasquarell and Boyer 1995). In another central Appalachian watershed, a dairy- 
impacted stream contained a median FC density of 4,000 cfu/100 mL, while a pasture- 
impacted stream had a median FC density less than 10 cfu/100 mL (Boyer and Pasquarell 
1999). In northwestern Arkansas, Marshall et al. (1998) found FC concentrations as low 
as 0 cfu/100 mL during base flow and as high as 49,000 cfu/100 mL following 
intermittent storm pulses. In Derbyshire, England, FS and FC were studied at a site used 
primarily for sheep grazing. Median FC concentrations ranged from 11 cfu/100 mL to 
3317 cfu/100 mL over a 21-month period, with the highest concentrations during summer 
months after rainfall events (Hunter et al. 1999).  
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1.6 Determining source and age of fecal indicator microorganisms 
The relatively novel AC/TC ratio has recently had success in determining origins 
(“hot spots” for fecal contaminant loading), overall surface water quality and possible age 
of fecal material within surface waters (Brion et al. 2000, Nieman and Brion 2003, Booth 
and Brion 2004). The AC/TC ratio is derived by comparing a heterogeneous group of 
primarily autochthonous bacteria stimulated by introduction of nutrients (AC) to quick 
lactose-fermenting bacteria (TC) indicative of potential fecal contamination. It has been 
suggested that high flow (e.g., fresh runoff containing more fecal-associated TC than 
non-fecal-associated AC) or fresh fecal input drives down the AC/TC ratio (Houghland 
2000). Nieman and Brion (2003) suggested that the AC/TC ratio could be used as an 
indicator of the freshness and amount of fecal material in surface waters. The study 
demonstrated that the AC/TC ratio decreased as a result of fresh fecal contamination 
being flushed into surface water during rain and high flow events, thus making the ratio a 
useful tool for measuring relative fecal age. Nieman and Brion (2003) found that when 
the AC/TC ratio fell below 10 there was a greater probability of FC concentrations 
exceeding recreational contact standards, while there was much less of a chance to 
exceed standards when the ratio was > 10. Brion et al. (2000) found AC/TC values of 
25.1 for urban watersheds; 23.4 and 15.5 for mixed-use watersheds; 6.8 and 7.1 for 
agricultural watersheds; and 1.5 for human sewage. Black (2007) and Black et al. (2007) 
demonstrated the AC/TC ratio could be used to predict the presence or absence of enteric 
viruses within surface waters, with low AC/TC ratios associated with enteric virus 
presence.    
There has been a limited amount of research on the utility of the AC/TC ratio for 
delineating sources and ages of fecal bacteria in groundwater. Reed (2006) examined 
how the AC/TC ratio varied over time at two springs in Woodford County, Kentucky, 
including Blue Hole Spring. Reed (2006) found that the ratio was relatively high (> 10) 
during dry periods and low (< 10) after rain fell within the basin. He hypothesized that 
the indigenous AC populations remain relatively constant while the TC populations spike 
as a result of an influx of nutrients and bacteria in runoff, an observation supported by 
prior river studies. 
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1.7 Transport and fate of microorganisms in karst 
Numerous studies have characterized particle and colloid transport through karst 
systems in a variety of different settings (Mahler and Lynch 1999, Drysdale et al. 2001, 
Massei et al. 2002). Colloid transport has been shown to vary with water temperature and 
pH, while larger particle transport is primarily dependent upon discharge rate (Atteia and 
Kozel 1997). Understanding particle and colloid transport is very important because 
microbial contamination of water in karst aquifers can depend on the ability of bacteria to 
adsorb onto particles, which may be mobile (Massei et al. 2003). 
 Investigations quantifying the relationships between sediment and microbial 
contamination in karst aquifers have been minimal and what few studies there are have 
tended to focus on relating the movement of fecal indicator bacteria to other parameters 
(e.g., antecedent precipitation, total organic carbon, electrical conductivity or turbidity). 
At Big Spring in Mammoth Cave National Park, Kentucky, turbidity peaks and FC 
concentrations have been correlated (Ryan and Meiman 1996). In the Castleton karst of 
England, Gunn et al. (1997) also demonstrated relationships between peak turbidity and 
peak FS and FC concentrations during two storm pulses. Gunn et al. (1997) attributed the 
coincidence of peak turbidity and FC concentrations at one of these springs to the 
resuspension of sediment and enteric bacteria from a cave stream. In contrast, Dussart-
Baptista et al. (2003) found that that peak numbers of sessile (sediment-adsorbed) 
bacteria and peak turbidity were not always correlated to discharge at a French spring. 
Mahler et al. (2000) determined that approximately 50 % of FC was associated with 
suspended sediments within the Lez Basin, France, during pumping of two wells. During 
storms, percentages of FC associated with suspended sediments were near 100 %, 
probably due to inputs from surface water near the monitoring locations. At a Swiss 
spring, Pronk et al. (2007) showed that increases in E. coli did not simply occur with 
increases in turbidity but corresponded with the arrival of allochthonous sediment (e.g., 
sediments introduced with runoff). Increases in E. coli counts also correlated with an 
increase in TOC and changes in the suspended sediment size distribution. Gentry et al. 
(2006) observed a strong correlation among 7-day antecedent precipitation, turbidity at 
baseflow and the E. coli loading rate in Stock Creek of Tennessee. At this location 
turbidity was better correlated with antecedent precipitation near the creek headwaters.  
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Bacterial mobilization within karst aquifers is thought to be facilitated by 
increases in discharge responding to increased runoff and infiltration. As discharge 
subsides, the particles and bacteria may temporarily settle out of suspension within karst 
conduits (Ting 2005, Ting et al. 2005). Marshall et al. (1998) developed a conceptual 
model, based on work in northwest Arkansas, in which pathogens alternate between 
modes of transport, including 1) being suspended and transported by turbulent flow 
during storm pulse events, 2) settling out during storm pulse recession, and/or 3) being 
associated with relatively immobile sediments during baseflow conditions within the 
karst system. It has been determined that bacteria in karst can be transported by floating 
(e.g., drifting freely) along with the current or by adsorption to suspended sediment 
(Mahler et al. 2000, Dussart-Baptista et al. 2003). Adsorption, lack of adsorption and/or 
reversible adhesion of microorganisms to sediments can result from electrostatic 
interactions (usually repulsive, due to solid and cell surfaces usually being negatively 
charged), hydrophobic interactions (typically attractive forces) and van der Waals forces 
(usually attractive) (Newby et al. 2000). Bacteria adsorbed to sediment deposited in karst 
conduit networks can remain viable over periods of weeks to months as they are sheltered 
from sunlight and other forces that inactivate them (Gunn et al. 1997, Marshall et al. 
1998). Thus, these sediment-bound microorganisms can act as a source for further, future 
contamination (Sherer et al. 1988, Sherer et al. 1992). 
 
1.8 Assessing mobility of microorganisms in karst 
Determination of the fate and transport of microorganisms in karst aquifers has 
proven challenging because of the need for tracers that accurately mimic physical 
properties of bacteria. Solute tracers such as fluorescent dyes have proven useful for 
delineating possible sources of microbial contamination in karst aquifers, but provide a 
minimal amount of information about the transport of microorganisms in the subsurface 
(Goldscheider et al. 2003). Artificial particle tracers such as latex microspheres can help 
in identifying “hot spots” for microbial recharge to karst aquifers and recent studies using 
microspheres as proxies for pathogens have demonstrated a range of behaviors. 
Auckenthaler et al. (2002) found arrival of 1-µm diameter carboxylated microspheres 
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preceded breakthrough of a solute tracer (the fluorescent dye uranine) after rainfall in a 
Swiss basin with a conduit length of ~ 1250 m, but only 1% of the microspheres were 
recovered. Goldscheider et al. (2003) used a combination of fluorescent tracers 
(naphthionate, eosin, pyranine) and particle tracers (microspheres and club moss spores) 
to determine mechanisms of contaminant transport and aquifer properties for a karst 
aquifer in the vicinity of Stuttgart in southwest Germany. Naphthionate was the only 
recovered dye with a mass recovery of 0.81 %, only one club moss spore was detected, 
and only 14 1-µm diameter latex microspheres were recovered over distances 1.6 – 2.3 
km from the point of injection, possibly due to inadequate initial spike concentrations. 
In a shallow karst system of Hölloch, Germany, the fluorescent dyes uranine and 
sulfoG and microspheres (1 and 5 µm-diameter) were introduced into a 2.5-km conduit 
segment at low flow (Goldscheider et al. 2006). Microsphere breakthrough curves were 
very irregular. Breakthrough of 5-µm microspheres coincided with the solute tracers at ~ 
73 h post injection, while the 1-µm microspheres broke through at ~ 23 h post injection. 
Early breakthrough of the 1-µm microspheres suggests that relatively small particles 
travel at much higher velocities than solutes, probably as a result of exclusion from small 
pores, while later breakthrough of the 5-µm microspheres is most likely a result of 
gravitational settling within the system (Käss 1998). Goldscheider et al. (2006) also 
conducted a comparative tracer test in the deep karst aquifer of Yverdon, Switzerland. 
For this trace, fluorescent dye (uranine) and particle tracers (1- and 2-µm diameter 
microspheres) were introduced into a sinkhole and monitored at two springs ~ 4.5 km 
away. Results were only presented for one of the springs. Breakthrough of the 1-µm 
spheres occurred only 1 h before detection of uranine, at 85.4 h post-injection, while 2-
µm spheres were first detected at 94.4 h post-injection. Both microsphere traces 
demonstrated irregular breakthrough curves, so quantitative mass recoveries were not 
calculated (Goldscheider et al. 2006). Most recently, in a comparative tracer study of an 
Austrian basin, Göppert and Goldscheider (2008) observed arrival of microspheres prior 
to uranine during low flow, and near-simultaneous arrival of both tracers at high flow, 
over a distance of 2.5 km. Estimated mass recoveries of microspheres under low and high 
flow conditions were 27 and 75 %, respectively, much higher than in the Swiss tests. 
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Recent karst tracer tests in northwest Arkansas are possibly among the most 
sophisticated tests conducted. At this location, Ting (2005) and Ting et al. (2005) used 
lanthanum-labeled clay, europium-labeled wild-type E. coli and fluorescent dyes 
(rhodamine WT and fluorescein) for evaluation of particle and microorganism mobility 
within mantled karst. The tracers were injected along a losing reach of stream and 
monitored for breakthrough at an underflow spring and a secondary overflow spring (~ 
452 m and ~ 489 m from the injection point, respectively). Under near-baseflow 
conditions, suspended sediment and E. coli arrived several hours before the dyes at the 
underflow spring, consistent with low-flow results from Auckenthaler et al. (2002) and 
Göppert and Goldscheider (2008), yet several hours after the dyes at the overflow spring. 
Under storm flow, all tracers arrived simultaneously at each spring, consistent with 
Göppert and Goldscheider (2008). 
Other types of microbial tracers (not addressed by the current research) used in 
groundwater tracing include a variety of microscopic particles such as Lycopodium (club 
moss) spores, yeast (Saccharomyces cerevisiae), and bacteriophages (bacterial viruses). 
For a review of these various types of microbial tracers, interested readers are referred to 
Käss (1998) and Harvey and Harms (2002).  
 
1.9 Stable isotopes as tracers 
Several low-atomic number elements are composed of two or more stable 
isotopes (for example, oxygen, carbon, hydrogen and nitrogen). The differences in 
isotopic compositions of these low atomic number elements are caused by a process 
termed isotope fractionation. The fractionation of various elements (e.g., H, O, N, C and 
S) is used to study natural processes because of their presence within the Earth’s mantle, 
crust, atmosphere, hydrosphere, and the biosphere. These elements are also widely 
abundant on Earth in liquid, solid and gaseous compounds. Thus, these elements are 
present in almost all geochemical processes occurring on the Earth’s surface and can 
preserve a record of the environmental conditions in which the compound formed (Hoefs 
1997). Due to the difficulty in measuring the very small isotopic fractionation, 
compositions S, H, C and N ratios are expressed in per mille (‰) differences between the 
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standard ratio (Rstd) and the sample ratio (Rspl) through the following mathematical 
relationship, as shown for the stable isotope 15N: 
‰10* 315
std
stdspl
R
RR
N
−
=δ  
The standard for N is atmospheric N2, which is defined as 0 ‰ (Hoefs 1997).  
The use of stable isotopes to label and track microorganisms in groundwater 
systems is an emerging science and a minimal amount of research has transpired 
(DeFlaun et al. 1997, Holben and Ostrom 2000). Tagging microorganisms with stable 
isotopes using natural metabolic processes (Boschker et al. 1998, Radajewski et al. 2000, 
Krijgsveld et al. 2003) could be useful for determining mobility of microorganisms in 
groundwater systems. However, field application of stable isotope-enriched 
microorganisms has been limited to the use of native bacteria cultured on 13C-enriched 
media as a tracer in a clastic aquifer in the Coastal Plain of Virginia (DeFlaun et al. 1997, 
Holben and Ostrom 2000). The labeling of microorganisms with stable isotopes for use as 
a tracer in karst groundwater systems has not as of yet occurred.  
 
1.10 Predictive modeling for fecal bacterial indicators 
Use of physiochemical parameters in multiple logistic regression (MLR) models 
to assess the association between microbial concentrations and physiochemical 
parameters has been minimal. In the Lake Pontchartrain basin of Louisiana, Jin and 
Englande (2006) used MLR models in association with ANN models to predict the 
swimmability of the lake waters. MLR models were used with a variety of 
physiochemical and meteorological variables to assess the concentrations of E. coli, fecal 
coliform and enterococci. The MLR model predicted “safe to swim” conditions 97.7 % of 
the time, yet only predicted “not safe to swim” conditions 5.6 % of the time. The authors 
attributed the low percent of accuracy under “not safe to swim” conditions to the original 
data set being skewed toward lower contaminant concentrations. In comparison, a more 
complex artificial neutral network (ANN) model predicted “safe” conditions 97.7 % of 
the time and “unsafe” conditions 53.9 % of the time (Jin and Englande 2006). Judging 
from the findings of Jin and Englande (2006), the MLR model would be a failure to 
public health concerning predicting “unsafe to swim” conditions. In another study, Mas 
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and Ahlfeld (2007) used ordinary least squares (OLS), binary logistic regression (BLR, 
equivalent to MLR), and ANN models to predict fecal coliform concentrations above 
contact standards (20 and 200 cfu/100 mL) in a mixed-use surface watershed in 
Massachusetts. Comparison of these models using only meteorological variables as 
inputs determined that ANN and OLS models performed better that BLR models for 
predicting fecal coliform concentrations. It was also found that the BLR models had a 
high percentage of false negatives and the BLR’s were unable to confidently predict 
violations of the contact standards (Mas and Ahlfeld 2007). 
Harwood et al. (2005) used a BLR model to predict presence or absence of 
infectious enteric viruses using a multiple indicator paradigm for six wastewater 
treatment facilities across the United States. The study determined that indicator bacteria 
were not predictive of pathogen presence; the model yielded high percentages of false 
positives and/or false negatives. It was concluded that one single indicator could not 
predict pathogen presences and that numerous indicators should be evaluated to protect 
public health (Harwood et al. 2005). In surface water studies of Kentucky, Black (2007) 
and Black et al. (2007) determined that MLR models using a series of physiochemical 
and indicator parameters were useful for correlating presence/absence of enteric viruses 
in the Kentucky River.  
Although MLR modeling did not have success for predicting “unsafe” microbial 
indicator conditions within surface water settings, it had not been attempted within a karst 
groundwater setting to predict “safe” or “unsafe” microbial indicator concentrations. 
Thus, multiple regression (MR) and MLR modeling were attempted during this research. 
MR modeling occurs in a stepwise fashion, meaning that a number of possibilities must 
be evaluated. First, in order for MR to occur we must assume that a) there are more than 
two simultaneously measured variables, b) one variable must be dependent upon another, 
with the dependent variable assumed to have the same variance, and c) the variables are 
assumed to be randomly obtained from a normally distributed population. In cases where 
normality does not occur (e.g., in a population where the dependent variable only has two 
outcomes, termed bimodal or dichotomous) we cannot use MR and must use multiple 
logistic regression (MLR) instead (Tabachnik and Fidell 1996, Zar 1998, Kuehl 2000). 
Therefore, in order to model a population with these methods, one must test for normality 
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of the data, determine correlation between variables in order to pick variables suitable for 
modeling with MLR, and test to assure there is no multicollinarity between variables.    
The general form for the MLR model is: 
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and variables are defined as: 
Y = the probability of having “unsafe for contact” or “safe for contact” 
conditions 
X = MLR equation 
χ1, χ2, … χp = each independent variable (i.e., physiochemical and microbial 
parameters) 
β1, β2, … βp = regression coefficients between each independent variable and “safe for 
contact” or “unsafe for contact” conditions. 
 
1.11 Summary of research  
The overall goal of the research was to apply and evaluate existing methods and 
develop new tools for evaluating bacterial fecal indicators within karst groundwater 
systems. The AC/TC ratio showed success within surface waters settings for delineating 
source, age and load of fecal pollution, but had not been applied within karst except for 
the preliminary study of Reed (2006). Chapter 2 of the dissertation addresses the first 
application of the ratio within a groundwater system in combination with FC 
concentrations to evaluate sources, age and magnitude of fecal pollution within the Blue 
Hole Spring karst groundwater basin. MLR models had also been used to predict 
bacterial fecal indicators using physiochemical and meteorological variables within 
surface water systems without success, yet the MLR’s had also not been used within the 
groundwater setting. Chapter 3 of the dissertation discusses the details of how the MLR 
models performed within the karst groundwater setting to predict “safe for contact” and 
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“unsafe for contact” conditions. Finally, evaluation of the fate and transport of these 
indicator bacteria within groundwater systems was found to be limited and in need of 
expansion. Chapter 4 of the dissertation evaluates the application of existing and newly 
developed karst groundwater tracing techniques for determining bacterial mobility. The 
conclusion of the dissertation is found in Chapter 5. 
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Table 1.1 Water associated pathogens of concern to public health and their 
associated diseases (adapted form USEPA 2001). 
 
 
 
 
Pathogen Disease Effects 
Viruses 
 
Adenovirus Respiratory disease, 
gastroenteritis 
Various effects 
Astrovirus Gastroenteritis Diarrhea, vomiting 
Calicivirus Gastroenteritis Diarrhea, vomiting 
Enterovirus Gastroenteritis, meningitis, 
heart anomalies 
Various effects 
Hepatitis A Infectious hepatitis Jaundice, fever 
Reovirus Gastroenteritis Diarrhea, vomiting 
Rotavirus Gastroenteritis Diarrhea, vomiting 
Bacteria 
 
Escherichia coli 0157:H7 Gastroenteritis Diarrhea, vomiting 
 
Salmonella Salmonellosis Dehydration, diarrhea 
Salmonella typhi Typhoid fever Diarrhea, ulceration of the 
small intestine, high fever 
Shigella Shigellosis Bacillary dysentery 
Vibrio cholerae Cholera Dehydration, extreme 
diarrhea 
Yersinia enterolitica Yersinosis Diarrhea 
Protozoan 
 
Balantidium coli Balantidiasis Dysentery, diarrhea 
Cryptosporidium Cryptosporidiosis Diarrhea, death in 
susceptible populations 
Entamoeba histolytica Amoebic dysentery 
(Amebiasis) 
Abscesses of the small 
intestine and liver, 
prolonged diarrhea with 
bleeding 
Giardia lamblia Giardiasis Mild to severe indigestion, 
diarrhea, nausea 
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Figure 1.1 Inferred groundwater flow map for Blue Hole Spring basin, Versailles, 
Woodford County, Kentucky. Inferred flow paths on this map originated 
from Currens et al. (2002) and base map images and shapefiles are 
courtesy of the Kentucky Geological Survey, University of Kentucky, 
Lexington (KGS 2008). 
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Figure 1.2 View of Blue Hole Spring, Versailles, Woodford County, Kentucky, from 
downstream. 
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Figure 1.3 Photograph of the Big Spring Park swallet (swallow hole), Versailles, 
Woodford County, Kentucky. 
 
 
 
 
Figure 1.4 Physiographic regions of Kentucky; note Inner Bluegrass Region (KGS 
2006).
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Figure 1.5 Soil distribution map for soil series within the Blue Hole Spring 
groundwater basin, Versailles, Woodford County, Kentucky. Base soils 
map courtesy of the Kentucky Geological Survey, University of Kentucky, 
Lexington (KGS 2008). 
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CHAPTER 2 - USING THE AC/TC RATIO TO EVALUATE FECAL INPUTS IN 
A KARST GROUNDWATER BASIN 
 
2.1 Abstract 
The ratio of the numbers of atypical colonies (AC) to typical total coliform 
colonies (TC) has been used successfully to identify predominant sources of fecal 
contamination, predict the presence or absence of enteric viruses, estimate age and 
examine changes in land use and sewage collection within urban, agricultural and mixed-
use surface watersheds. However, the applicability of the AC/TC ratio to assess water 
quality within a karst groundwater basin has not been published. We conducted a 
laboratory aging experiment approximating karst field conditions along with the 
extensive monitoring of a well-characterized karst spring during December 2002 – March 
2004 and February – October 2005. The experiment showed that cooler temperatures 
retarded the expected change in the AC/TC ratio in comparison with warmer conditions 
analogous to surface water during late spring, summer, and early autumn. A statistically 
significant decrease in the AC/TC ratio was observed for monitoring data collected 
during 2005 relative to earlier data., This decrease is presumed to be a result of accidental 
sewage spills associated with construction in the vicinity of the spring. These 
investigations determined that the AC/TC ratio, in combination with FC data, can be a 
useful tool for delineating “hot spots” of fresh fecal inputs within a karst groundwater 
basin.  
 
2.2 Introduction 
Karst aquifers form in soluble rock and are characterized by a variety of features, 
including sinkholes, sinking streams, springs and caverns. Water can infiltrate into 
karstified limestone and move through the subsurface at velocities of meters per minute. 
Rapid infiltration and the potential for large pore diameters (on the order of centimeters 
to meters) minimize filtration of contaminants by soil and rock. Therefore, karst systems 
are highly vulnerable to multiple types of point and non-point source contaminants from 
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urban and agricultural areas (Milanovic 1981, White 1988, Veni et al. 2001, Ford and 
Williams 2007).  
The primary emphases of this research were (1) to assess the applicability of the 
ratio of the numbers of atypical colonies (AC) to typical total coliform colonies (TC) for 
delineating “hot spots” of fresh fecal inputs within a karst groundwater basin, and (2) to 
determine whether the ratio could predict the level of fecal contamination represented by 
fecal coliform (FC) indicator bacteria. We began by mimicking fecal-contaminated karst 
groundwater conditions in a laboratory proof-of-concept experiment to determine if the 
AC/TC ratio would perform similarly to previous surface-water kinetic studies (Nieman 
and Brion 2003). The kinetic decay study was tied to actual field monitoring of TC, AC, 
and FC. The AC/TC ratio in combination with FC has successfully delineated fecal 
contaminant sources and determined changes in land use within surface watersheds, but 
has not previously been tested for evaluating fecal loading in groundwater systems.  
 
2.2.1 Study area setting  
The research site is located in Versailles (population 7,511) (U.S. Census Bureau  
2007), Inner Bluegrass region Kentucky. Big Spring feeds a small stream that flows ~ 
275 m into Big Spring Park, disappears into a swallet (a sinkhole in the stream bed), then 
reemerges ~ 500 m northwest at Blue Hole Spring. Dye traces in the area have shown 
that the sources of recharge for Blue Hole Spring include several other sinkholes in 
addition to the Big Spring swallet (Figure 2.1) (Currens et al. 2002). The Blue Hole 
Spring karst groundwater basin (7.96 km2) is a mixed-use (urban/agricultural) watershed 
with 74 % of its area within the Versailles city limits. 
The Inner Bluegrass region consists of carbonate rocks of Middle and Upper 
Ordovician age, including the High Bridge Group, Lexington Limestone and the Clays 
Ferry Formation, which were deposited along the Lexington platform. These rocks were 
exposed as a result of the Taconic orogeny during the Ordovician, which formed the 
Cincinnati Arch, later modified by the Acadian and Alleghanian orogenies in the 
Paleozoic (Dougherty 1985, Ettensohn 1992). During this time, the Jessamine Dome was 
breached and eroded to form the Bluegrass region in Kentucky (Ettensohn 1992).  
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The topography of Woodford County, in which the study site is located, is gently 
rolling, ranging in elevation from 143 m above mean sea level (amsl) to 305 m amsl 
(Carey and Stickney 2001). Elevations in the Blue Hole Spring groundwater basin vary 
from ~ 290 m amsl in the southeast to ~ 256 m amsl in the northwest near Blue Hole 
Spring. Soils within this basin include the Donerail, Dunning, Faywood, Huntington, 
Lawrence, Lindside, Lowell, Maury, McAfee and Newark (USDA 2008). The Maury (silt 
loam) and McAfee (silty clay loam) series are the two primary series in the study area 
(McDonald et al. 1983).    
Woodford County has distinct seasons with an average annual temperature of ~ 
13˚C (55˚F). Average January temperatures range from ~ -4˚C (25˚F) to ~ 5˚C (41˚F) and 
average July temperatures range from ~19˚C (66˚F) to ~ 30˚C (86˚F). Annual average 
precipitation is ~ 112 cm (44 in.), with ~ 33 cm (13 in.) falling as snow (Clements 1990). 
 
2.2.2 Microbial parameters 
Human disease risk associated with contact or ingestion of a body of water can be 
estimated by assessing a group of microorganisms termed indicator bacteria. Coliform 
bacteria, which belong to the family Enterobacteriaceae, are currently the most widely 
used bacterial indicators (Madigan et al. 2003). Large numbers of coliform bacteria are 
found in the soil, in the intestinal tract of warm-blooded animals and in their feces. The 
World Health Organization (WHO) drinking water standards are currently set at 0 colony 
forming units (cfu)/100 mL for FC and 100 cfu/100 mL for TC (WHO 2004). However, 
for this study, since direct potable use of this spring is unlikely, recreational water contact 
standards would be more applicable; the most likely route of exposure would be by 
wading or bathing in the spring. The primary recreational contact level for E. coli, a 
member of the group of fecal coliforms, is recommended to be less than 235 cfu/100 mL 
in a single sample, or at a geometric mean no greater than 126 E. coli per 100 mL in no 
less than 5 samples collected in a 30-day period (USEPA 2003). The state of Kentucky 
has not fully adopted the EPA recommendations and mandates “Fecal coliform content or 
Escherichia coli content shall not exceed 200 colonies per 100 ml or 130 colonies per 100 
ml respectively as a geometric mean based on not less than five (5) samples taken during 
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a thirty (30) day period. Content also shall not exceed 400 colonies per 100 ml in twenty 
(20) percent or more of all samples taken during a thirty (30) day period for fecal 
coliform or 240 colonies per 100 ml for Escherichia coli. These limits shall be applicable 
during the recreation season of May 1 through October 31.” Section (a) shall apply for 
the remainder of the year and states “Fecal coliform content shall not exceed 1,000 
colonies per 100 ml as a thirty (30) day geometric mean based on not less than five (5) 
samples; nor exceed 2,000 colonies per 100 ml in twenty (20) percent or more of all 
samples taken during a thirty (30) day period” (KDW, 2003). Disease risk associated 
with recreational contact at a specific TC concentration has not currently been 
determined, so primary recreational contact levels have not been set for TC.  
Bacteria composing the TC group include all facultative anaerobic and aerobic, 
non-sporeforming, gram-negative rod-shaped bacteria that ferment lactose within 24 
hours at 35°C (APHA 1998). The TC group includes the most common intestinal 
organisms, E. coli and Citrobacter freundii, the less common intestinal organism 
Klebsiella pneumoniae, and Enterobacter aerogenes, an organism not commonly 
associated with the intestinal tract (Madigan et al. 2003). The FC group, which includes 
E. coli and K. pneumoniae, differs from the TC group in having the ability to ferment 
lactose at the elevated temperature of 44.5°C. FC presence in water is thought to be a 
more accurate indicator of fecal contamination by warm-blooded animals than TC (Bitton 
1999). 
Atypical colonies (red, no-sheen colonies that are sometimes termed in the 
literature as atypical coliform) have also been examined as a possible indicator of fecal 
contamination in surface waters when examined in relation to the TC counts from the 
same sample cultured on m-Endo broth. For years AC colonies were thought to be a 
nuisance because they grew on the same media used to isolate TC and interfered with TC 
analysis. In recent research, AC concentrations have proven to be a critical input 
parameter when modeling to predict the origins of fecal pollution in surface watersheds 
(Brion and Lingireddy 1999). Brion and Mao (2000) identified AC colonies as including 
a variety of microorganisms, such as Aeromonas spp., Salmonella spp., Pseudomonas 
spp. and Vibrio spp. It has been suggested that some AC colonies may be TC colonies 
that lost their ability to ferment lactose in 24 hours because of environmental stresses 
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(Brion and Mao 2000). However, AC concentrations in surface waters have been shown 
to be relatively stable in comparison to TC or FC. This suggests that a large portion of the 
AC colonies is indigenous to nutrient-enriched waters, thus making them a useful internal 
environmental reference by which to normalize changes in TC counts relative to 
indigenous bacterial loads over time. Additionally, the ratio of AC counts to TC counts 
has shown promise as a predictor of FC levels in waterways and springs in central 
Kentucky (Nieman and Brion 2003, Reed 2006). 
 The AC/TC ratio can be calculated in order to define possible sources of fecal 
pollution and relative ages of fecal material within the system (Brion et al. 2000, Nieman 
and Brion 2003, Booth and Brion 2004). Fresher fecal inputs defined by a lower AC/TC 
ratio can indicate the presence of a point source of contamination. It has been postulated 
that fresh runoff contains more fecal-associated TC than non-fecal-associated AC; this 
difference decreases the AC/TC ratio during times of high flow and fresh fecal input 
(Houghland 2000). Brion et al. (2000) found AC/TC values of 25.1 for urban watersheds; 
23.4 and 15.5 for mixed-use watersheds; 6.8 and 7.1 for agricultural watersheds; and 1.5 
for human sewage. Black (2007) and Black et al. (2007) demonstrated the AC/TC ratio 
could be used to predict the presence or absence of enteric viruses within the Kentucky 
River. 
There has been a limited amount of research on the utility of the AC/TC ratio for 
delineating sources and age of fecal bacteria in groundwater. Reed (2006) examined how 
the AC/TC ratio varied with time at Blue Hole Spring and another spring in Woodford 
County, Kentucky. He found that the ratio was relatively high (> 10) during dry periods 
and low (< 10) after rain fell within the basin. He hypothesized that the indigenous AC 
populations remain relatively constant while the TC populations spike as a result of an 
influx of nutrients and bacteria in runoff, an observation supported by prior river studies. 
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2.3 Methods 
 
2.3.1 AC/TC Proof-of-Concept laboratory experiment 
A laboratory experiment was performed to evaluate the behavior of the AC/TC 
ratio under karst-like conditions as compared to surface water conditions. For this 
experiment, two 3-L polypropylene (PP) autoclaved sampling containers were used to 
obtain 6 L of raw sewage from the Versailles wastewater treatment plant and another two 
3-L PP sampling containers were used to obtain 6 L of Blue Hole Spring water. These 
samples were then placed on ice for transport to the University of Kentucky 
Environmental Research and Training Laboratory (ERTL), where the sewage and spring 
waters were blended in 50-50 proportions.  
After mixing, 150 mL of the blended suspension was decanted into 10 sterile 250-
mL Erlenmeyer flasks. To each of these flasks a piece of limestone (~ 1 cm3 in size) was 
added for pH buffering as an approximation of mineral contact within a karst 
environment. The 10 flasks were then covered with sterile aluminum foil and divided into 
two groups of five each. Group L flasks were placed on a shaker table at 100 rpm in a 
combination of natural and artificial light 24 h per day at room temperature (~ 20ºC). 
Group D flasks were placed in the dark with no agitation at ~ 4ºC. Group L and D flasks 
were proxies for karst water aging in surface water and groundwater systems, 
respectively. After 1, 3, 7 and 15 days, samples (1 mL or less) were extracted from the 
flasks for assay. Each flask was then spiked with 1 mL of autoclaved sewage in order to 
mimic a fresh influx of nutrients to the system over the course of the experiment without 
a corresponding influx of new bacteria.  
AC/TC ratios for the laboratory kinetic study were obtained using the standard 
method #9222B (APHA 1998) for total coliforms for samples obtained from each flask. 
A series of four serial dilutions was enumerated from each flask to assure capturing a 
countable number of both types of bacterial colonies and a blank was analyzed with each 
set. Duplicate plates were run for each serial dilution allowing for an average bacterial 
count calculation. AC and TC counts were obtained from the same samples plated and 
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incubated at 35.0 ± 0.5ºC for 24 ± 2 h on membrane filters infused with m-Endo broth 
(Becton, Dickinson and Company, Sparks, MD).  
 
2.3.2 Field sampling and statistical analysis  
Grab samples were collected from Blue Hole Spring biweekly from December 
2002 to March 2004 and weekly from February to October 2005. The Big Spring swallet 
was sampled weekly from June to October 2005 for comparison with the Blue Hole data 
set. Samples were collected in 250-mL sterile PP bottles, stored at ~ 4ºC and analyzed at 
ERTL within 24 h of sampling for TC, AC and FC. Bacteria were removed from 
suspension by membrane filtration according to standard methods (APHA 1998). Prior to 
filtration, three dilutions and two duplicates were created to assure an adequate number of 
countable colonies (10-100 colonies per plate) for each sample. AC and TC counts were 
obtained from the same plates, incubated at 35.0 ± 0.5ºC for 24 ± 2 h and imbibed with 
prepackaged m-Endo broth. FC counts were obtained on separate plates, imbibed with 
prepackaged m-FC broth (Becton, Dickinson and Company, Sparks, MD) with rosalic 
acid, at different serial dilutions incubated at 44.5 ± 0.2ºC for 24 ± 2 h. All plate counts 
were performed according to standard methods and reported in cfu/100 mL (APHA 
1998).    
Biweekly and weekly microbial data were divided into “wet” and “normal” days 
by a method adapted from Reed (2006). “Wet” days had cumulative precipitation of 0.5 
cm (0.2 in.) or greater within 72 h prior to sampling. “Normal” days experienced rainfall 
less than 0.5 cm (0.2 in.) within the 72 h prior to sampling. The data sets were then 
compared statistically using Sigma Stat software (SPSS, Inc., Chicago, IL). All data sets 
were tested for normality using the Kolmogorov-Smirnov goodness-of-fit test. Data 
points with values of BDL (below detection limits) or TNTC (too numerous to count) 
were excluded from all statistical analyses (Madigan et al. 2003). In order to obtain a 
normally distributed data set, log10 transformations were performed (Rosner 2006). 
Following log10 transformation, some of the microbial data sets were not normally 
distributed, so the non-parametric Mann-Whitney rank sum test was run on the data to 
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test whether two groups of data were drawn from populations with different medians, 
without assuming data normality (Rosner 2006).  
A binomial probability was calculated using the BINOMDIST (binomial 
distribution) function of Excel to determine the strength of the established categories of 
the relationship between AC/TC ratios and FC counts for the combined data set. Equation 
1 was used to calculate the probability of observing X successes in a fixed number (n) of 
independent trials: 
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Here p represents the probability of a success on a single trial (p = 0.5), q is equal to (1 – 
p), and k is equal to the number of observed positive outcomes (i.e., the number of times 
the FC exceeded contact standards) (Zar 1998). To support the binomial probability 
calculations the dataset was divided into three groups based upon the AC/TC ratio (0-10 
[29 total samples with 19 > the level of concern], 10-20 [20 total samples with 10 
samples > the level of concern], and 20-30 [seven total samples, all of which fell below 
the level of concern]) and corresponding FC counts per sample. All data points falling 
within ±1 standard deviation (sd) from the FC level of concern (200 cfu/100 mL) were 
removed from the data and the 200 cfu/100 mL FC was used as a distribution divider for 
each group (i.e., what is the probability of having X number of samples exceed 200 
cfu/100 mL 50 percent of the time for each ratio division?). Data points having a ratio 
greater than 30 were not included in these analyses due to the fact that no samples in this 
category had FC concentrations above the level of concern (Figure 2.3) (Rosner 2006).   
 
2.4 Results and discussion 
On days 1 and 3 of the proof-of-concept experiment, there were no statistically 
significant differences in the average AC/TC ratio between experimental groups L and D 
(Figure 2.2). On day 7 the average ratios for Group L began to change slightly (with an 
average of 1.4) and a statistically significant difference (P < 0.001) between the two 
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experimental groups was observed. By day 15 the average ratio in Group L had increased 
to 42, with a continued statistically significant difference (P < 0.001) between the two 
experimental groups (Table 2.1).  
The primary function of Group D was to mimic the conditions found in a karst 
aquifer, while the purpose of Group L was to mimic a surface water system. However, it 
should be noted that the experimental conditions exaggerated the effects of temperature 
and daylight: Blue Hole Spring temperatures were ~ 10 – 14ºC, rather than 4ºC as in 
Group D, and samples in a natural stream would not be in light continuously as were our 
Group L samples. Laboratory limitations meant that experiments could not be conducted 
at groundwater temperatures, but a previous laboratory simulation of biodegradation in 
mid-continent cave streams used the same incubation conditions (Peterson et al. 2005). 
Mesophilic bacterial growth rates are likely to increase with temperature between 4ºC 
and 20ºC (Madigan et al. 2003, p. 152), which brackets the observed range of 
groundwater temperatures. Our experiment indicated that conditions within a karst 
aquifer should preserve the AC/TC ratio at low levels longer than in surface waters after 
an input of fresh fecal material. As was expected, exposure to sunlight and higher 
temperatures decreased the survival of the TC group. The AC/TC ratio is thus useful for 
identifying fresh fecal inputs to groundwater from the surface. However, because of the 
extended preservation time of the AC/TC ratio within the karst conduit, locating a fecal 
“hot spot” within a karst aquifer could prove challenging using only the AC/TC ratio, 
especially if flows remain submerged. 
A statistical summary of the microbial results from field samples, including mean 
FC, AC and TC counts (cfu/100 mL) along with the AC/TC ratio, is given in Table 2.2. 
This summary indicates that the December 2002 - March 2004 bacterial concentrations 
were much lower than those during the 2005 sampling period. For example, the FC 
counts for “wet” data differed by 4,200 cfu/100 mL and “normal” data differed by 240 
cfu/100 mL. The AC/TC ratios were similar for the “wet” data sets, but not for the 
“normal” data sets: the December 2002 - March 2004 ratios were an order of magnitude 
higher than those for 2005. The latter data set does not follow AC/TC ratio trends 
previously observed for surface waters under normal conditions (Brion and Mao 2000, 
Booth and Brion 2004). 
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For the December 2002 - March 2004 “normal” data set, 78 % of the time the 
ratio was > 10, which is to be expected because of the lack of fresh bacteria loading in 
runoff during drier periods, and the FC counts remained below a level of 200 cfu/100 mL 
83 % of the monitoring period. For the December 2002 - March 2004 “wet” data set, FC 
counts were > 200 cfu/100 mL 54 % of the time and 74 % of the time the AC/TC ratio 
was < 10. Statistical comparisons by the non-parametric Mann-Whitney rank sum test of 
the “normal” and “wet” data sets for December 2002 - March 2004 indicate a statistically 
significant difference (P < 0.001).  
The February - October 2005 data sets were more counterintuitive than the 
December 2002 – March 2004 data sets. The “normal” data for this sampling interval did 
not follow any pattern of previous studies. The AC/TC ratio for “normal” data 62 % of 
the time was < 10, but should have been > 10 for the majority of the sampling interval as 
indicated by the earlier data set. FC counts for “normal” data were also erratic and 
exceeded 200 cfu/100 mL ~ 72 % of the time. In contrast, “wet” data for this sampling 
interval were similar to the December 2002 - March 2004 “wet” data, except for higher 
fecal loading. FC counts were above the contact standard 75 % of the time while the ratio 
was < 10 only 56 % of the time. The erratic behavior of both the “wet” and “normal” data 
for 2005 corresponded to the lack of a significant difference between the two data sets as 
measured by the Mann-Whitney rank sum test (P = 0.334). 
Comparisons of the 2005 data sets from Blue Hole Spring and Big Spring swallet 
provided additional insight into the location of fecal inputs within the groundwater basin. 
During “wet” periods, there was not a significant difference in the AC/TC ratios (P = 
0.307), but there was a significant difference (P = 0.025) for the “normal” data sets 
determined by the Mann-Whitney rank sum test. The Big Spring swallet “normal” data 
behaved much like the December 2002 - March 2004 “normal” data, in that the AC/TC 
ratio was generally > 10, consistent with previous studies of surface drainages (Brion et 
al. 2000, Nieman and Brion 2003, Booth and Brion 2004). The differences in the Blue 
Hole Spring and Big Spring swallet “normal” data sets suggest that a “hot spot” of fresh 
fecal loading had developed somewhere between the two sampling points (~ 500 m 
distance). 
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Statistical comparison by the Mann-Whitney rank sum test of the Blue Hole 
Spring “wet” data sets for 2002 - 2004 and 2005 indicated there was not a significant 
difference (P = 0.540) between the data sets. However, the “normal” classified data sets 
for the two different sampling intervals did differ significantly (P < 0.001), suggesting a 
change occurred in the system between March 2004 and February 2005 in the vicinity of 
Blue Hole Spring. 
Correlation of the AC/TC ratio and FC counts demonstrated that the ratio may be 
used to predict fecal loading exceeding regulatory standards within the karst system 
(Figure 2.3). For the group with AC/TC ratios 0-10, 29 data points were used in the 
binomial probability calculation, with 19 points above and 10 points below ± 1 sd of 200 
cfu/100 mL FC. The calculated binomial probability of the 0-10 group was 0.037. For the 
AC/TC ratio 10-20 group, 20 data points were used in the calculation (10 points above 
and 10 points below ± 1 sd of 200 cfu/100 mL FC). Binomial probability of the 10-20 
group was calculated to be 0.176. Binomial probability was not calculated for the 20-30 
ratio group because of the small number of data points. The binomial probabilities for 
ratio groups 0-10 and 10-20 demonstrate a correlation between the level of fecal 
contamination and the AC/TC ratio: a small ratio (0-10) is indicative of high fecal 
contamination and a ratio of 10-20 is less definitive of high fecal counts.   
Fecal loads for the 2005 data set were significantly higher than for the December 
2002 - March 2004 data set, especially for “normal” data. The increased loads probably 
resulted from demolition and reconstruction of portions of the wastewater treatment 
facility, which began at the start of the second sampling interval and continued for the 
duration of monitoring. During this time raw sewage sometimes entered the subsurface as 
a result of contracting mishaps, such as accidentally digging up incoming sewage lines 
and closing valves within the facility, causing sewage overflows above the spring 
(Campbell 2005). Fresh fecal loading within the system is also assumed human in origin 
due to the fact there are no significant non-human sources present in the basin, such as 
confined animal feeding operations. 
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2.5 Conclusions   
The AC/TC ratio used in combination with FC counts has been shown to be 
useful for determining changes in fecal loads and locating “hot spots” of fecal loading 
within the Blue Hole Spring karst groundwater basin. The AC/TC ratio is easy to use and 
considerably less expensive than other fecal source tracking methods (e.g., using library- 
dependent or -independent genetic methods or pharmaceuticals), a definite advantage for 
future researchers to consider. However, using the AC/TC ratio for determining zones of 
fecal loading in a karst system can prove challenging because of preservation of the ratio 
in the subsurface, making it difficult to locate a source once the water is traveling 
underground. This disadvantage can be avoided by adding sampling locations to delineate 
“hot spots” more accurately and performing a sanitary survey of the surrounding areas 
when unusual results are obtained. In general, the information on fecal age that the 
AC/TC ratio provides augments information that can be obtained by monitoring using 
traditional bacterial indicators such as fecal coliforms and could be used to more 
precisely pinpoint areas for more intensive monitoring studies. Furthermore, long-term 
measurements of the AC/TC ratio at consistent sites would seem to be useful at noting 
changes in overall water quality.    
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Table 2.1 Raw proof-of-concept atypical colony/total coliform (AC/TC) ratio laboratory experiment data for Group L and Group 
D over days 1,3,7 and 15 of the experiment. 
 
AC/TC 
ratio 
Group D, 
day 1 
Group L, 
day 1 
Group D, 
day 3 
Group L, 
day 3 
Group D, 
day 7 
Group L, 
day 7 
Group D, 
day 15 
Group L, 
Day 15 
Flask 1 0.84 0.53 0.48 0.65 0.52 1.41 0.25 17.38
Flask 2 0.66  0.64 0.42 0.44 0.39 1.38 0.25 13.02
Flask 3  0.90  0.68 0.54 0.68 0.54 0.71 0.31 35.50
Flask 4 0.72  0.75 0.53 1.24 0.40 1.04 0.43 74.00
Flask 5 0.91  0.67 0.61 0.75 0.48 1.12 0.51 50.00
Average   0.81 0.66 0.51 0.75 0.47 1.41 0.35 37.90
 
 
 
 
 
 
 
Table 2.2 General statistical summary for bacterial fecal indicators during the field 
study. 
 
General Statistical Summary  
  FC cfu/100 mL AC cfu/100 mL TC cfu/100mL AC/TC Ratio 
  Blue Hole Spring  2002 -  2004, "wet" data 
mean 193 42393 5147 9 
n 15 15 15 15 
min 5 2400 200 5 
max 720 92000 9900 22 
   
  Blue Hole Spring 2002 -  2004, "normal" data 
mean 124 38288 2221 19 
n 17 17 17 17 
min 10 3200 150 7 
max 470 240000 7900 44 
       
  Blue Hole Spring 2005 "wet" data 
mean 4401 615348 60582 11 
n 16 16 16 16 
min 105 1092 300 2 
max 29000 5200000 315000 37 
   
  Blue Hole Spring 2005 "normal" data 
mean 435 21212 8724 8 
n 21 21 21 21 
min 50 1267 450 1 
max 1450 175000 140000 25 
  
  Big Spring Park swallow hole 2005 "wet" data 
mean 5744 1319429 142800 36 
n 7 7 7 7 
min 380 20500 1100 4 
max 18650 2950000 625000 155 
       
  Big Spring Park swallow hole  2005 "normal" data 
mean 596 253650 27585 103 
n 10 10 10 10 
min 135 19500 1300 2 
max 1500 715000 255000 386 
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Figure 2.1 Monitoring locations and interpreted groundwater flow map within the 
Blue Hole Spring karst basin overlain on the Versailles, Kentucky, city 
limits.   
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Figure 2.2 AC/TC ratio proof-of-concept experiment illustrating the changes in the 
ratio between group L and group D over a 15-day monitoring period. The 
box represents the 25th and 75th percentiles with the line in the middle 
being the median; the square in the middle of each box represents the 
mean and the whiskers represent data falling within the 5th and 95th 
percentiles. 
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Figure 2.3 AC/TC ratio proof-of-concept experiment illustrating the relationships 
between atypical colonies (AC) and total coliform (TC) colonies between 
group L (light and warm) and group D (dark and cool) over a 15-day 
monitoring period. 
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Figure 2.4 Total bacterial indicator field data set illustrating the relationships between 
atypical colonies (AC) and total coliform (TC) colonies over the 
monitoring periods. 
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Figure 2.5 Correlation of atypical colonies/total coliform (AC/TC) ratio with fecal 
coliform (FC) levels for the compiled data set. Plot includes points within 
± 1 sd of the standard.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © James Wade Ward 2008 
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CHAPTER 3 - USING MULTIPLE LOGISTIC REGRESSION MODELS TO 
PREDICT FECAL COLIFORM BACTERIA CONCENTRATIONS IN 
KARST GROUNDWATER 
 
3.1 Abstract 
The primary goal of this research was to use physiochemical parameters and/or 
other microbial parameters to predict “safe for contact” or “unsafe for contact” fecal 
coliform (FC) concentrations within a karst aquifer using multiple logistic regression 
(MLR) models, thus providing a tool for long-term evaluation of overall water quality 
without having to obtain microbial samples from the site. Physiochemical parameters 
measured included pH, electrical conductivity, water temperature and precipitation, while 
microbial parameters included FC, total coliform (TC), and atypical colonies (AC). A 
level of concern was determined as 200 cfu/100 mL FC, which was set as the binary 
dependent variable in the models (e.g., values “unsafe for contact” were set to 1 [i.e., > 
200] and values “safe for contact” were set as 0 [i.e., <200]) with the remainder of 
parameters considered as independent variables. A MLR model using only 
physiochemical parameters correctly predicted “safe for contact” conditions 65.6 % of 
the time and “unsafe for contact” conditions 69.2 % of the time. A model using only 
other indicators (TC and AC) predicted “safe for contact” conditions 87.5 % of the time 
and “unsafe for contact” conditions 61.5 % of the time. Within the karst groundwater 
system, MLR modeling demonstrated correlation between FC and physiochemical 
parameters as well as between FC and other indicator microorganisms, yet the 
physiochemical parameters performed more confidently for predicting “unsafe for 
contact” events.  
 
3.2 Introduction 
Karst aquifers are delicate ecosystems that provide water supplies for numerous 
urban and agricultural purposes, including municipal and rural drinking water supplies 
and irrigation water for crops. Karst forms in soluble carbonate rock (typically limestone) 
and is characterized by features including sinkholes, sinking streams, springs and caverns 
 42
 
(Milanovic 1981, White 1988, Käss 1998, Veni et al. 2001, Ford and Williams 2007). 
Because of minimal filtration by soil and/or rock, contaminants carried with runoff can 
directly enter the aquifer, thus making karst systems highly vulnerable to multiple types 
of point and non-point source contaminants. Of these possible contaminants, 
microorganisms are of specific concern for public health because contact with these 
organisms can cause serious illness. Human disease risk due to contact with a body of 
water can be estimated by assessing a group of microorganisms termed indicator bacteria 
(typically coliform bacteria) (USEPA 1986). 
The primary focus of this research was to evaluate possible relationships among 
indicator bacteria concentrations and various physiochemical parameters at a karst spring 
in the Inner Bluegrass region of Kentucky. Physiochemical parameters assessed included 
pH, electrical conductivity, temperature and precipitation, while bacterial indicators 
included fecal coliforms (FC), total coliforms (TC) and atypical colonies (AC). Data 
analysis involved multiple logistic regression (MLR) modeling to determine whether 
physiochemical parameters and/or microbial indicators could predict FC concentrations 
above and/or below a level of concern of 200 cfu/100 mL FC. The resulting MLR models 
could provide an economical way to continue monitoring water quality while collecting 
fewer samples for microbial analyses at the study location.  
 
3.2.1 Research location 
Blue Hole Spring is located in Versailles, Woodford County, in the Inner 
Bluegrass region of Kentucky, which consists of karstified Middle and Upper Ordovician 
carbonate rocks (Dougherty 1985, Ettensohn and Barnett 1992). Versailles is underlain 
by a complex karst network, which has been delineated through a series of dye traces 
from various sinkholes in agricultural lands (primarily horse farms) and urban areas 
within the groundwater basin (Currens et al. 2002). Waters from these various locations 
mix in the subsurface and emerge at Blue Hole Spring (Figure 3.1). Average annual 
precipitation within the study area is ~ 112 cm. There are distinct seasons in Woodford 
County, with average July temperatures ranging from ~ 19˚C to ~ 30˚C and average 
January temperatures ranging from ~ -4˚C to ~ 5˚C. Topography of the Blue Hole Spring 
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groundwater basin ranges from 256 m to 290 m amsl (above mean sea level) (Carey and 
Stickney 2001).  
 
3.2.2 Background information 
Coliform bacteria, members of the family Enterobacteriaceae, are the most 
widely used bacterial indicators (Madigan et al. 2003). Drinking water standards are 
currently set at zero colony forming units (cfu)/100 mL for FC and 100 cfu/100 mL for 
TC by the World Health Organization (WHO 2004). However, in this study recreational 
contact standards are more applicable since Blue Hole Spring is not used for water 
supply. Primary recreational contact levels for E. coli are recommended to be < 235 
cfu/100 mL in a single sample, or at a geometric mean ≤ 126 E. coli per 100 mL in no 
less than 5 samples collected within a 30-day period (USEPA 2003). The Commonwealth 
of Kentucky has not adopted the EPA-recommended criteria and specifies E. coli or FC 
content should not exceed 139 cfu/100 mL or 200 cfu/100 mL respectively as a geometric 
mean based on not less than 5 samples collected within a 30-day period. FC should also 
not exceed 400 cfu/100 mL in ≥ 20 % of all samples taken during a 30-day period and 
240 cfu/100 mL for E. coli. These limits are applicable to the recreation season of May 1 
– October 31. For the remainder of the year FC content shall not exceed 1,000 cfu/100 
mL as a 30-day geometric mean based on not less than 5 samples. FC concentrations 
should also not exceed 2,000 cfu/100 mL in ≥ 20 % of all samples taken during a 30-day 
period (KDW, 2003). 
Bacteria composing the TC group include all facultative anaerobic and aerobic, 
non-spore-forming, gram-negative rod-shaped bacteria that ferment lactose within 24 
hours at 35°C (APHA 1998). The TC group includes E. coli, Citrobacter freundii, 
Klebsiella pneumoniae and Enterobacter aerogenes (Madigan et al. 2003). The FC 
group, which includes E. coli and K. pneumoniae, differs from the TC group in having 
the ability to ferment lactose at 44.5°C. Atypical colonies (sometimes termed atypical 
coliform) are thought to be indigenous species and not indicative of fecal contamination. 
Brion and Mao (2000) identified AC as including a variety of microorganisms, such as 
Aeromonas spp., Salmonella spp., Pseudomonas spp. and Vibrio spp. Conventionally, 
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atypical colonies were thought to be a nuisance because they grew on the same media 
used to isolate TC and interfered with TC analysis, but recent research has shown AC to 
be a critical input parameter when using artificial neutral network (ANN) models to 
predict the origins of fecal pollution in surface watersheds (Brion and Lingireddy 1999).  
There have been few publications using multiple logistic regression (MLR) 
models to assess the association between physiochemical parameters and microbial 
concentrations. In the Lake Pontchartrain basin of Louisiana, Jin and Englande (2006) 
used MLR models in association with ANN models to predict the swimmability of the 
lake waters. MLR models were used with a variety of physiochemical and meteorological 
variables to assess the concentrations of E. coli, fecal coliform and enterococci. The MLR 
model predicted “safe to swim” conditions 97.7 % of the time, yet only predicted “not 
safe to swim” conditions 5.6 % of the time. The authors attributed the low percent of 
accuracy under “not safe to swim” conditions to the original data set being skewed 
toward lower contaminant concentrations. In comparison, the ANN model predicted 
“safe” conditions 97.7 % of the time and “unsafe” conditions 53.9 % of the time (Jin and 
Englande 2006). Mas and Ahlfeld (2007) used ordinary least squares (OLS), binary 
logistic regression (BLR) and ANN models to predict fecal coliform concentrations 
above contact standards (20 and 200 cfu/100 mL) in a mixed-use surface watershed in 
Massachusetts. Comparison of these models using only meteorological variables as 
inputs determined that ANN and OLS models performed better that BLR models for 
predicting fecal coliform concentrations. It was also found that the BLR models had a 
high percentage of false negatives and the BLR’s were unable to confidently predict 
violations of the contact standards (Mas and Ahlfeld 2007). Harwood et al. (2005) used a 
BLR model to predict presence or absence of infectious enteric viruses using a multiple 
indicator paradigm for six wastewater treatment facilities across the United States. The 
study determined that indicator bacteria were not predictive of pathogen presence; the 
model yielded high percentages of false positives and/or false negatives. It was concluded 
that one single indicator could not predict pathogen presences and that numerous 
indicators should be evaluated to protect public health (Harwood et al. 2005). In studies 
of surface water in Kentucky, Black (2007) and Black et al. (2007) determined that MLR 
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models using a series of physiochemical and indicator parameters were useful for 
correlating presence/absence of enteric viruses in the Kentucky River.  
 
3.3 Methods 
Grab samples were collected biweekly from December 2002 – March 2004 and 
weekly from February – October 2005 at Blue Hole Spring. Samples were analyzed 
according to standard methods (APHA 1998) at the Environmental Research and 
Training Laboratory (ERTL), University of Kentucky (UK). Bacterial indicators were 
removed from suspension by membrane filtration according to standard methods (APHA 
1998). Previous to filtration, duplicates and dilutions were created to assure an adequate 
number of countable colonies (10-100 colonies per plate) per sample. FC counts were 
obtained on plates imbibed with prepackaged m-FC broth with rosalic acid (Becton, 
Dickinson and Company, Sparks, MD) and incubated at 44.5 ± 0.2ºC for 24 ± 2 h. TC 
and AC counts were obtained from the a second set of plates imbibed with prepackaged 
m-Endo broth (Becton, Dickinson and Company, Sparks, MD), incubated at 35.0 ± 0.5ºC 
for 24 ± 2 h. Plate counts were reported in colony forming units (cfu)/100 mL  according 
to standard methods (APHA 1998). 
Electrical conductivity (EC (µS/cm)) and water temperature (WT (°C)) were 
measured with an Orion Model 130 conductivity meter (ATI-Orion, Boston, MA), while 
pH was measured using an Orion Model 290A pH meter (ATI-Orion, Boston, MA). The 
conductivity meter could not be calibrated, but was occasionally checked against standard 
solutions, while the pH meter was calibrated against pH 4, 7, and 10 buffer solutions 
prior to each measurement. Precipitation data were recorded at the University of 
Kentucky  Animal Research Center, ~ 4 km northwest of Blue Hole Spring, during the 
study (UKAWC 2008). Precipitation values used in the models were a total of all 
precipitation (in inches) falling at the site within 72 h prior to each sampling event. The 
change in water temperature (∆ WT (°C)), which added an element of seasonality to the 
models, was calculated by subtracting the average WT of the data set from each 
individual sampling event temperature. Because ∆ WT sometimes was negative, the data 
were shifted above zero by adding 3 degrees to each temperature reading. 
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Statistical analysis was done using Sigma Stat software (SPSS, Inc., Chicago, IL). 
The data set was first tested for normality by the Kolmogorov-Smirnov test, which 
determined that all of the parameters except for pH (p = 0.05) failed normality. 
Therefore, a nonparametric Spearman rank order correlation was run. The Spearman rank 
order correlation (Table 3.1) does not require the variables to be assigned as independent 
and dependent, does not require a normal distribution or the data points to be linearly 
related and only measures the strength of association between the variables. The 
Spearman rank order correlation coefficient is computed by ranking all values of each 
variable and then computing a Pearson product moment correlation coefficient of the 
ranks. Once the Spearman rank order correlation was determined, parameters that 
correlated well with FC were used in the MLR models.  
Prior to modeling, the FC data were divided into a binary data set with FC 
concentration being the dependent variable in all models. The binary division occurred 
based on a level of concern of 200 cfu/100 mL FC. Data points that exceeded the concern 
level were assigned a one (1) (i.e., unsafe for contact, contained 39 samples) and data 
points that were lower than the concern level were assigned a zero (0) (i.e., safe for 
contact, contained 32 samples). Data cleaning did not occur for the FC data set and all 
data were kept for modeling, but we recognize that this could be an issue in the model 
because it is assumed that all data points are either less than or greater than 200 cfu/100 
mL FC, when in fact observations close to the level of concern may not be significantly 
different. However, the amount of error associated with the membrane filtration method 
is great enough (e.g., ± 2.5 cfu/100 mL) for the FC analysis that cleaning the data would 
not make a large difference (USEPA 1986). From the models MLR equations were 
produced to predict the probability of a data point falling into one of the categories (e.g., 
unsafe or safe for contact). Probabilities for “unsafe for contact” or “safe for contact” 
conditions were calculated using the following equation: 
)(1
1
Xe
Y
+
=  
where: 
Y = the probability of having “unsafe for contact” or “safe for contact” 
conditions 
 47
 
X = MLR equation 
Created MLR equations were reapplied to the original data set to determine the 
percentage of accuracy associated with each equation. Frequency distributions for each 
MLR function were also calculated to assure a bimodal distribution (Tabachnik and 
Fidell 1996, Zar 1998, Kuehl 2000, Rosner 2006). 
 
3.4 Results and discussion 
Because of the non-normal distributions of the parameters and the binary nature 
of the dependent variable, MLR modeling was preferred. Inspection of Table 3.1 shows 
that four parameters correlated with FC concentrations, including water temperature, 
precipitation and the microbial parameters AC and TC (cfu/100 mL). These four 
parameters were placed into a series of MLR models (Table 3.2). 
Model 1 was composed of two independent physiochemical variables, water 
temperature and precipitation. Physiochemical inputs in Model 1 correctly predicted 
“safe for contact” conditions 65.6 % of the time and “unsafe for contact” conditions 69.2 
% of the time and demonstrated significant correlation of variables within the model 
(Table 3.2). In comparison with Jin and Englande (2006) and Mas and Ahlfeld (2007), 
where MLR models were not as successful for determining “unsafe” FC concentrations 
from physiochemical and meteorological data in surface waters, the MLR Model 1 was 
successful. However, the bimodal distribution of this model is slightly skewed toward the 
center for the “unsafe for contact” part of the frequency distribution (Figure 3.2). Model 2 
used only other indicator microorganisms (TC and AC) as independent input variables. 
TC and AC microbial inputs in Model 2 correctly predicted “unsafe for contact” 
conditions 61.5 % of the time and “safe for contact” conditions 87.5 % of the time (Table 
3.2). TC demonstrated significant correlation within Model 2, yet AC cannot have as 
much weigh placed upon it within the model due to the lack of significant correlation 
(Table 3.2). Model 2 does demonstrate a better bimodal frequency distribution than 
Model 1 (Figure 3.2), but Model 1 did a better all-around job of predicting “unsafe for 
contact” conditions. Model 3 incorporated both physiochemical and microbial input 
variables from Models 1 and 2. Results from Model 3 predicted “unsafe for contact” 
 48
 
conditions 64.0 % of the time and “safe for contact” conditions 84.4 % of the time, but 
confidence cannot be placed in the model because of the lack of significant correlation 
within the model (Table 3.2). All of the models demonstrate bimodal separation in their 
frequency distributions (Figure 3.2).  
 In summary, Model 1 was based on changes in physicochemical parameters 
within the karst groundwater system, such as could result from runoff entering the karst 
aquifer and/or seasonal variations. Model 2 essentially modeled changes in microbial 
ecology within the system. Model 1 outperformed Model 2 in terms of predicting “unsafe 
for contact” conditions; thus Model 1 is preferred because determining “unsafe” 
conditions is the primary interest of this research. Model 3 did not demonstrate 
correlations between variables when a combination of physiochemical and microbial 
variables was input into the MLR. One possible explanation is that the variables are 
interlineally correlated. Consequently, to compare the two types of variables (e.g., 
physiochemical and microbial), a more complex model such as an ANN might be 
preferred.   
 
3.5 Conclusions 
MLR models may offer a potentially economical way for continued water quality 
screening of “safe for contact” or “unsafe for contact” FC concentrations in a karst 
groundwater basin after an initial data set has been obtained and modeling performed. 
MLR models using physiochemical and microbial variables as inputs indicate that 
physiochemical parameters alone did a better job of predicting “unsafe for contact” FC 
coliform concentrations ( > 200 cfu/100 mL). Confidence can be placed in MLR models 
1 and 2 because of the percent correct predictions and the bimodal frequency 
distributions associated with the models. MLR models indicated physiochemical 
parameter correlation with FC counts and show promise in demonstrating correlation 
between FC and other microbial indicators within the karst system. Although MLR 
models had not been thought to perform well in determining FC concentrations from 
physiochemical parameters in surface water settings, this research demonstrated the 
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models can be successfully applied within a karst groundwater basin for water quality 
analysis.  
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Table 3.1 Spearman rank order correlations for physiochemical and microbial parameters. Parameters include FC (fecal 
coliform), TC (total coliform), AC (atypical colonies), pH, WT (water temperature (°C)), ∆ WT (change in water 
temperature (°C)), EC (electrical conductivity) and Precip (precipitation). The top number is the correlation (positive 
values are directly related and negative values are inversely related) and the bottom number is the P value. 
 
 
 
FC TC AC pH WT ∆ WT EC Precip 
FC 
 0.661 
< 0.001 
0.553 
< 0.001 
-0.017 
0.888 
0.512 
< 0.001 
0.153 
0.202 
-0.031 
0.798 
0.263 
0.134 
TC 
 
 0.000 0.834 
-0.041 
0.732 
0.571 
< 0.001 
0.111 
0.356 
0.035 
0.251 
0.005 
0.334 
AC 
 
  0.010 0.932 
0.632 
< 0.001 
0.185 
0.121 
-0.213 
0.074 
0.024 
0.269 
pH 
 Correlation 
P value   
0.025 
0.833 
-0.146 
0.225 
0.190 
0.113 
-0.114 
0.342 
WT 
 
    0.176 0.141 
-0.105 
0.381 
-0.048 
0.689 
∆ WT 
 
     0.210 0.079 
0.104 
0.388 
EC 
 
      0.010 0.936 
Precip 
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Table 3.2 Multivariate logistic regression models for the prediction of fecal coliform (FC) levels above a level of concern (200 
cfu/100 mL) from physiochemical and microbial parameters. Abbreviated terms correspond to the following: WT 
(water temperature), Precip (precipitation), TC (total coliform) and AC (atypical colonies). 
Model 
# 
Independent 
variables 
P 
value 
 
% Correct 
Positive 
Predictions  
( > 200 FC) 
(# out of total)
 
 
 % Correct 
Negative 
Predictions 
( < 200 FC) 
(# out of total) 
 
Equation 
 
)(1
1
Xe
Y
+
=  
 
1 
 
WT 
Precip 
 
0.001 
0.055 
69.2 
(27/39) 
65.6 
(21/32) X  = -7.989 + (0.535 * WT) + (1.466 * Precip) 
2 
 
TC 
AC 
 
0.073 
0.324 
61.5 
(24/39) 
87.5 
(28/32) 
X = -1.129 + (0.000324 * TC)  
       + (0.0000119 * AC) 
3 
 
WT 
Precip 
TC 
AC 
 
0.484 
0.399 
0.141 
0.991 
 
64.0 
(25/39) 
 
84.4 
(27/32) 
 
X = -3.137 + (0.17*WT) - (0.0113*precip)  
       + (0.000301 * TC)  + (0.00000952 * AC) 
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Figure 3.1 Blue Hole Spring monitoring site location and interpreted groundwater 
flow map within the Blue Hole Spring karst basin overlain on the 
Versailles, Kentucky, city limits. 
 
 
 
Figure 3.2 Frequency distributions for all MLR models demonstrating bimodal 
distributions for the Blue Hole Spring data set Versailles, Woodford 
County, Kentucky.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Copyright © James Wade Ward 2008 
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CHAPTER 4 - MOBILITY OF SOLUTES, MICROSPHERES AND 15N-
ENRICHED E. COLI DURING STORM FLOW IN A KARST AQUIFER 
 
4.1 Abstract 
Water-borne pathogens can originate from various urban and agricultural sources 
in karst basins, but few mechanistic studies of pathogen transport and fate in karst 
aquifers have occurred. We conducted comparative tracer studies using conservative 
solutes (rhodamine WT fluorescent dye and bromide), bacteria-sized latex microspheres 
and 15N-enriched wild-type Escherichia coli (E. coli) to obtain information on the 
mobility of microorganisms during storm flow through a karst conduit in central 
Kentucky. Microspheres exhibited initial breakthrough corresponding with maximum 
solute concentrations. Unlike the solute tracers, the microspheres were remobilized by 
subsequent storms. 15N-enriched E. coli demonstrated concurrent breakthrough with 
solute tracers, but had slightly more tailing during storm-flow recession. Unlike the 
particle tracers, the E. coli did not exhibit remobilization during subsequent storms. 
These results point out potential limitations to the use of microspheres as analogs for 
bacteria in karst aquifers. 
 
4.2 Introduction 
The possible presence of pathogens in recreational and/or drinking waters in karst 
basins is a topic of health concern. Delineating sources and determining transport 
pathways of pollutants in karst proves challenging due to the extreme hydraulic 
heterogeneity of these systems. Water can infiltrate rapidly into karstified limestone 
along preferential flow paths, allowing subsurface water velocities of tens of meters per 
minute. Rapid infiltration and the potential for development of conduits with effective 
diameters on the order of meters minimize filtration of contaminants by the matrix; thus 
karst aquifers are particularly vulnerable to point and non-point source contaminants 
(Milanovic 1981, White 1988, Veni et al. 2001, Ford and Williams 2007).  
In the USA occurrences of fecal indicator bacteria have been reported for various 
karst aquifers (e.g., in Kentucky (Green et al. 1990, Scanlon 1990, Howell et al. 1995, 
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Felton 1996, Ryan and Meiman 1996, Currens 1999, Ting et al. 2005, Reed 2006), West 
Virginia (Pasquarell and Boyer 1995), Arkansas (Marshall et al. 1998) and Illinois 
(Panno et al. 1997)). Evaluation of the occurrence of fecal indicators has also occurred in 
Europe (e.g., in Great Britain (Gunn et al. 1997), France (Personné et al. 1998, Mahler et 
al. 2000), Ireland (Thorn and Coxon 1992) and Switzerland (Pronk et al. 2007)). 
Transport of bacteria within karst aquifers is typically facilitated by increases in 
discharge. In karst systems bacteria can be transported as planktonic cells or adsorbed 
onto suspended sediments (Mahler et al. 2000, Dussart-Baptista et al. 2003). Reversible 
adhesion to sediments can result from a balance among van der Waals forces (typically 
attractive), hydrophobic interactions (usually attractive) and electrostatic interactions 
(usually repulsive, typically due to cell and solid surfaces being negatively charged) 
(Newby et al. 2000). Bacteria adsorbed to sediments within karst conduits can remain 
viable over periods of weeks to months (Gunn et al. 1997, Marshall et al. 1998), therefore 
acting as a reservoir for possible pathogen contamination (Sherer et al. 1988, Sherer et al. 
1992). 
Determination of the fate and transport of microorganisms in aquifers has proven 
challenging because of the need for tracers that accurately mimic physical properties of 
bacteria and/or viruses, mimic their survival/persistence in environmental systems, are 
readily detectable at low concentrations, and are non-toxic (Käss 1998). Solute tracers 
such as fluorescent dyes have proven useful for delineating possible sources of 
contamination in karst aquifers, but provide a minimal amount of information about the 
fate and transport of microorganisms in the subsurface. Stable isotopic labeling by natural 
metabolic processes (Boschker et al. 1998, Radajewski et al. 2000, Krijgsveld et al. 2003) 
could be useful for determining mobility of microorganisms in groundwater systems. 
However, field application of this technique appears to have been limited to the use of 
native bacteria cultured on 13C-enriched media as a tracer in a clastic aquifer in the 
Coastal Plain of Virginia (DeFlaun et al. 1997, Holben and Ostrom 2000). 
Studies using microspheres to mimic pathogens in karst aquifers have confirmed 
an assortment of behaviors. Goldscheider et al. (2003) used a combination of fluorescent 
tracers (naphthionate, eosin, pyranine) and particle tracers (microspheres and club moss 
spores) to determine mechanisms of contaminant transport in a karst aquifer near 
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Stuttgart, Germany. Naphthionate was the only recovered dye, with a mass recovery of 
0.81 %; only one club moss spore was detected and only 14 1-µm diameter latex 
microspheres were recovered over distances 1.6 – 2.3 km from the point of injection, 
possibly due to inadequate initial tracer concentrations. During tracer tests over scales of 
2.5 to 4.8 km in southern Germany and Switzerland, 1-µm diameter microsphere 
breakthrough preceded dye breakthrough at low to medium flow (Goldscheider et al. 
2006). Likewise, microsphere breakthrough preceded that of the fluorescent dye uranine 
after rainfall in a Swiss basin, but microsphere recovery was only ~ 1 % (Auckenthaler et 
al. 2002). In a cave stream in the Austro-German Alps, breakthrough of microspheres 
also preceded uranine under low flow, yet arrivals of the particles and solute were nearly 
simultaneous during high flow (Göppert and Goldscheider 2008). Mass recoveries of 
microspheres in this latter study (27–75 %) were much higher than in the Swiss basin.  
Ting and co-workers used fluorescent dyes, La-labeled clay and Eu-labeled E. 
coli as tracers in the mantled karst aquifer of northwest Arkansas (Ting 2005, Ting et al. 
2005). The tracers were injected along a losing reach of stream and monitored at an 
underflow spring and a secondary overflow spring (~ 452 m and ~ 489 m from the 
injection point, respectively). Under low-flow conditions, suspended sediment and E. coli 
arrived several hours before the dyes at the underflow spring, consistent with low-flow 
results from Auckenthaler et al. (2002) and Göppert and Goldscheider (2008), but several 
hours after the dyes at the overflow spring. During storm flow, rhodamine WT, 
fluorescein, La-labeled clay and Eu-labeled E. coli bacteria arrived simultaneously at 
each spring, consistent with findings of Göppert and Goldscheider (2008).  
The current study focuses on the fate and transport of bacteria in a well-
characterized karst aquifer. A series of storm-flow traces was performed using introduced 
solutes (a conservative anion and a fluorescent dye), latex microspheres, and isotopically 
tagged E. coli within the Blue Hole Spring karst basin in Versailles, Woodford County, 
Kentucky. This site was chosen in part because it is relatively simple (Currens et al. 2002, 
McFarland 2003), consisting of a solution cavity network between a swallow hole 
(swallet) in Big Spring Park (injection point) and Blue Hole Spring (monitoring point), a 
subsurface lateral distance of ~ 500 m (Figure 4.1). 
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4.3 Study area 
The Inner Bluegrass Region of Kentucky consists of Middle and Upper 
Ordovician-aged karstified carbonate rocks (Dougherty 1985, Ettensohn 1992). Soils in 
the region generally originated from weathering of underlying phosphatic limestone and 
shale. Soils within the Blue Hole Spring basin consist primarily of silt loams and clayey 
silt loams, with the McAfee and Maury being the two predominant series (USDA 2008). 
Land use in the basin is mixed urban and agricultural. Drainage occurs via pervious soil 
horizons and shallow epikarst along with runoff entering directly through swallow holes. 
The Blue Hole Spring basin has been delineated by a series of qualitative dye 
traces (Currens et al. 2002). The trunk conduit between the Big Spring Park swallow hole 
and Blue Hole Spring approximates a straight pipe with relatively simple geologic 
controls (e.g., there are only caverns forming as dissolution features in horizontally 
bedded carbonates and no distinct structural controls within the system). Using center of 
mass calculations for rhodamine WT traces during two storms, McFarland (2003) 
determined velocities of ~ 171 to 284 m/h for the trunk conduit feeding Blue Hole 
Spring.  Amounts of clay within sinkhole and spring sediments were very low to 
undetectable, and particle size analysis determined an average of 87.41 % of bed load 
was very fine sand (>0.05 mm) and larger particles, thus possibly limiting adsorption and 
transport of potential contaminants (McFarland 2003). Reed (2006) found that storm flow 
at Blue Hole Spring contained elevated counts of fecal and total coliform indicators, 
which corresponded with high turbidity and total suspended solids values. 
The topography of Woodford County consists of gently rolling hills with 
elevations ranging from ~ 143-305 m above mean sea level (amsl) (Carey and Stickney 
2001). Elevations within the Blue Hole Spring groundwater basin vary from 290 m amsl 
in the southeast to 256 m amsl in the northwest near the spring. Surface elevation change 
between the Big Spring Park swallow hole (259 m amsl) and Blue Hole Spring (257.5 m 
amsl) is relatively minimal over the lateral distance of ~ 500 m. 
Average annual temperature in the study area is ~ 13˚C, with average July 
temperatures ranging from ~19˚C to ~ 30˚C and average January temperatures ranging 
from ~ -4˚C to ~ 5˚C. Average annual precipitation is ~ 112 cm, out of which ~ 33 cm 
falls as snow. There are no pronounced wet or dry seasons (Clements 1990). 
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4.4 Experimental section 
 
4.4.1 Bacterial tracer development 
A wild strain of E. coli was isolated from Blue Hole Spring using a modified 
MUG agar technique (APHA 1998), which allows for differentiation between wild non-
pathogenic and pathogenic strains of E. coli (see Supporting Information for details). 
When grown on MUG agar, wild strains of E. coli fluoresce purple under UV light 
(Turco 1994, Coakley 2006).   
A series of proof-of-concept experiments was conducted to demonstrate the 
ability to label the isolated wild strain of E. coli with 15N. A total of 15 L of enriched E. 
coli was grown simultaneously using the procedure. After incubation at ~ 37ºC for 24 h, 
each 1-L volume of mass-growth enriched microorganisms was centrifuged down into a 
pellet. The excess solution was decanted and the pellets were resuspended in 6 L of 
autoclaved Blue Hole Spring water, which was refrigerated at ~ 4ºC until use.  
A laboratory experiment was conducted to determine minimum detection limits of 
tagged E. coli recovered at Blue Hole Spring. A sample was obtained from the mass 
culture of 15N-enriched E. coli and a series of serial dilutions was made (1 × 10-8 to 1 mL, 
including a blank). For each dilution, 1 mL of sample was filtered through a membrane to 
obtain bacterial colony counts according to standard methods (APHA 1998), and another 
1 mL was filtered to obtain 15N enrichment data.   
Dried samples were combusted to nitrogen and carbon dioxide gases using an 
isotope ratio mass spectrometer (IRMS) coupled with an elemental analyzer (EA) 
(Micromass Optima, Manchester, U.K.) to obtain δ15N values. The tin-encapsulated 
samples were first combusted in an oxidation furnace at 1,020oC and the gases were 
passed through a reduction furnace at 650oC for nitrogen analysis. Gases were separated 
to high purity using gas chromatography and then introduced into the mass spectrometer. 
Data reported are relative to a standard and expressed in δ notation as:  
 
δsampleNE (‰) = (Rsample/Rstandard –1) x 1000 
 where 
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 δsampleNE  = the isotopic composition of the sample with the heavy isotope (N) of the 
element 
E and R = the abundance ratio of the heavy to light isotopes (15N/14N)  
 
Atmospheric N2 is the standard for nitrogen, defined to be 0.0 ‰ (Hoefs 1997). 
Reproducibility using the continuous flow interface on the IRMS is typically better than 
± 0.2 ‰. In the laboratory, samples are commonly measured against compressed N2 gas, 
which has been calibrated against atmospheric N2 in turn. Background delta15N values of the 
Blue Hole Spring sediments were found to range from + 4.5 to + 5.5 ‰, which is in the 
range for soils (- 4.4 to + 17.0 ‰) (Faure 1986). The minimum detection limit for the 
calculation of 15N-enriched E. coli was chosen to be + 6.0 ‰.  
 
4.4.2 Tracer tests and analyses 
Two tracer tests were conducted between the Big Spring Park swallow hole and 
Blue Hole Spring, concurrent with storms in July 2006 and April 2007. Both tests used 
rhodamine WT and Br- (added as NaBr salt) as solute tracers and 1-µm diameter latex 
microspheres (Bangs Laboratories, Inc., Fishers, IN) as particle tracers (see Table 4.1 for 
concentrations). The summer trace used dragon green microspheres, while the early 
spring trace used plum purple microspheres plus 15N-enriched wild-type E. coli (Table 
4.1). In each case, the tracers were combined with on-site water in two 20-L carboys, 
which were inverted and shaken for 1 min to facilitate homogeneous mixing of the slug. 
The slug was then poured into a 7.6-cm nominal diameter, 3.5-m deep piezometer 
installed ~ 3 m laterally from the swallet. During hand augering, the conduit had been 
intercepted at ~ 2.8 to 4.2 m below ground level. Following injection, the slug was 
chased with ~ 100 L of water. Solutes and microspheres were collected by two ISCO 
3700-series automated samplers (ISCO, Lincoln, NE) at Blue Hole Spring at 10-min 
intervals for the first 12 h, 30-min intervals for the following 12 h, 1-h intervals for the 
following 24 h and daily intervals for the remainder of sampling. Isotopically enriched E. 
coli samples were collected manually (five 1-L samples corresponding with sample 
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intervals of solutes and microspheres) along a transect across the mouth of the spring in 
order to increase the chances of catching the labeled bacteria.  
Both solute and microsphere samples were stored in the dark at ~ 4ºC until 
analysis. Rhodamine WT and Br- concentrations were measured within 5 days of 
sampling. Rhodamine WT was analyzed using a fluorescence spectrophotometer (Varian 
Cary Eclipse, Palo Alto, CA) with a detection limit (DL) of 0.1 µg/L. Bromide 
concentrations were obtained by ion chromatography (Dionex, ICS 2500, Sunnyvale, 
CA) with a DL of 0.1 mg/L. Fluorescent microspheres were detected using a 
epifluorescent microscope (Eclipse E600 series, Nikon Instruments, Melville, NY). 
Bacteria samples were filtered within 24 h of sampling using the method for the 
calibration curve development experiment. 
Mass recoveries for tracers were calculated using a standard analysis technique 
(USEPA 1988). Solute centroids were calculated using a MatLab code modified from 
Mukherjee (2003). Solute breakthrough was modeled using the QTracer2 program (Field 
2002). Following the mid-section method of Rantz (1982), discharge values at Blue Hole 
Spring were measured over a range of stages by wading with a digital flow meter (Flo-
Mate model 2000, Marsh-McBirney, Frederick, MD) and top-setting rods. A CR10X 
datalogger (Campbell Scientific, Logan, UT) monitored water pressure at Blue Hole 
Spring at 10-min intervals. Pressure readings were averaged to produce hourly data and 
converted to stage, which was empirically correlated to discharge using a polynomial 
rating curve (Supplemental Information). Meteorological data were obtained for the 
University of Kentucky (UK) Animal Research Center, ~ 4 km northwest of Blue Hole 
Spring (UKAWC 2008). 
 
4.5 Results and discussion 
For the July 11, 2006, trace, rainfall totaled 2.4 cm over a 5-h period prior to 
injection, with another 11.6 cm of rainfall occurring during the 2-week monitoring 
period. Spring discharge during the trace averaged 165 L/s with a maximum of 262 L/s. 
Breakthrough began ~ 2.33 h post-injection (PI) for the solutes and ~ 2.67 h PI for the 
microspheres (Figure 4.2). Rhodamine WT and Br- concentrations at the spring peaked ~ 
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2.67 h after injection. Rhodamine WT was < DL 14 h after injection, while Br- was < DL 
5.5 h after injection. The maximum concentration of microspheres (~ 5.77 × 105 
spheres/L) occurred at breakthrough. The initial microsphere pulse continued until ~ 7.67 
h PI with a mass recovery of ~ 30.69 %. Following a subsequent storm, discharge began 
to rise at ~ 8.17 h PI and tailed at ~ 21.17 h. For this first recognizable remobilization 
event, estimated mass recovery of microspheres was 2.22 %. A second remobilization 
event correlating to an increase in discharge began at ~ 27.17 h and tailed at ~ 42.17 h PI, 
corresponding to an estimated mass recovery of ~ 34.24 %. The final remobilization of 
microspheres occurred from ~ 43.17 h and tailed with the last countable sample at ~ 
164.17 h PI, with an estimated mass recovery of 0.07 % (Figure 4.3). Total mass recovery 
of microspheres was ~ 67.20 %. The system was monitored until ~ 500 h PI and no other 
remobilization events were observed.  
For the April 1, 2007  trace, rainfall totaled 2.06 cm over an 8-h period prior to 
injection, with another 7.5 cm of rainfall occurring during the 2-week monitoring period. 
Spring discharge during the trace averaged 100 L/s with a maximum of 357 L/s. Solute 
breakthrough occurred ~ 0.75 h PI and solute concentrations at the spring peaked ~ 0.92 h 
PI (Figure 4.4). Rhodamine WT was < DL 5.75 h after injection, while Br- was < DL 
2.75 h after injection. Breakthrough of microspheres occurred ~ 1.08 h PI at a 
concentration of 140 spheres/L. The maximum concentration of ~ 3.35 × 105 spheres/L 
occurred ~ 1.75 h PI. For the primary pulse, which tailed at ~ 23.75 h PI, estimated mass 
recovery of spheres was ~ 21.66 %. A second storm remobilized spheres beginning at ~ 
51.75 h PI and tailing at ~ 76.75 h PI, with mass recovery of 6.96 %. A final 
remobilization event began ~ 255.75 h PI and tailed ~ 327.75 h PI, with mass recovery of 
~ 0.59 % (Figure 4.5). Total microsphere recovery for the early spring trace was ~ 29.24 
% and the last detection occurred ~ 363.75 h PI. Monitoring of the system continued until 
~ 580.25 h PI and no subsequent remobilizations were observed.    
The 15N-enriched E. coli in the April 1, 2007, trace broke through at ~ 0.75 h PI at 
a concentration of ~ 114.44 ‰15N, which was correlated by linear regression modeling 
using the proof-of-concept data to ~ 2.58 × 105 tagged E. coli/L. Breakthrough of tagged 
E. coli continued until ~ 2.42 h PI, with a tailing concentration of ~ 6.49 ‰15N (~ 6 
tagged E. coli/L). Maximum concentration of the enriched E. coli tracer was ~ 505.83 
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‰15N (~ 2.58 × 107 tagged E. coli) at ~ 1.08 h PI.  Initial arrival of the 15N-enriched E. 
coli occurred simultaneously with solutes, while maximum estimated concentrations of E. 
coli coincided with breakthrough of the microspheres.  
Mass recoveries of rhodamine WT and Br- for the summer storm trace were 
within 5 % of values obtained for a baseflow trace in June 2006, yet were much higher 
than mass recoveries for the early spring storm-flow trace (see Table 4.2 for recovery and 
transport calculations). This difference in mass recoveries may have resulted from the 
quick breakthrough of the last trace: the solute slug may not have had sufficient time for 
complete mixing to occur in the subsurface and part of the plume might have been missed 
prior to initial sampling. Loss of the tracers could have also occurred in portions of the 
epikarst as a result of the higher stage within the system. Rhodamine WT tailing relative 
to Br- may be an artifact of the lower DL for the dye. 
Breakthrough curves (BTCs) for the solutes were relatively smooth with steep 
rising limbs, consistent with expected behavior for fluorescent dye injection into streams 
(Kilpatrick and Wilson 1982). In contrast, the microsphere BTCs were jagged. 
Microsphere breakthrough coincided with maximum solute concentrations during the 
summer trace and lagged maximum solute concentrations by ~ 10 min for the early 
spring trace. Both storm-flow traces were similar in that initial breakthrough was 
followed by microsphere remobilizations, which corresponded to increases in discharge 
related to subsequent storms. The 15N-enriched E. coli behaved similarly to solute tracers 
during the April 1, 2007, trace. However, tailing of the E. coli was longer than that of the 
solutes and shorter than that of the microspheres. The solute and 15N-enriched E. coli 
tracers demonstrated breakthrough without remobilization during subsequent high-flow 
events over the monitoring period. 
Differences in particle tracer behaviors between the Blue Hole Spring basin and 
other sites may reflect both our site’s relative geologic simplicity and differences in land 
use. Length of the Blue Hole Spring trunk conduit (~ 500 m) is similar to distances of 
tracer tests in northwest Arkansas, where sedimentation and remobilization of labeled E. 
coli and clay were observed over a monitoring period of 360 h (Ting 2005). At that site, 
monitored springs are ~ 3 m below the injection point, and a multi-level conduit system 
with significant sediment storage has been inferred to exist. Flow paths were longer for 
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tracer tests in northwest Switzerland (1.25 km) (Auckenthaler et al. 2002) and the Austro-
German Alps (2.5 km) (Göppert and Goldscheider 2008), and elevation of the cave 
stream decreased 335 m along the flowpath at the latter site. Mass recovery of 
microspheres there was relatively high (75 %) (Göppert and Goldscheider 2008), but no 
remobilization was noted, perhaps because the monitoring period (70 h PI) was not long 
enough. The Blue Hole Spring basin is also distinct from the Arkansan, Swiss, and 
Austro-German sites because of the presence of urban impervious cover, which results in 
a relatively flashy response to storms. 
The lack of 15N-enriched E. coli remobilization appears to indicate limited 
bacterial sedimentation in this system. The paucity of clay minerals in suspended and bed 
sediments at Blue Hole Spring (McFarland 2003) may have precluded bacterial sorption. 
Alternatively, E. coli cells could have lysed in the subsurface, thus releasing the 15N 
signal, before subsequent storms. Predation of E. coli by bacterivores could also have 
occurred, but it is feasible that the predator would have become enriched in 15N 
(Krijgsveld et al. 2003) and recovered unless the predators remained in the subsurface. 
Overall, our results indicate that the utility of microspheres as bacterial proxies in karst 
aquifers is limited: although similar in size to bacteria, microspheres are less subject to 
degradation and can have different densities and surface charges. Densities of 
microspheres and E. coli are relatively similar: the latex microspheres have a density of 
1.05 g/cm3 and density of wet E. coli has been approximated at 1.09 g/cm3 (Ting 2005). 
Consequently, a dominant factor controlling differences in mobilization between 
microspheres and bacteria could be the surface charges. Microspheres were neutrally 
buoyant and had a zero charge on them while the charges on the E. coli are not known. 
Microspheres may be more prone to entrapment within the upper portions of the 
conduits during high flow due to their buoyancy and consequently remobilized in 
comparison to the bacteria they are supposed to model. The procedures developed for 
counting fluorescent latex microspheres worked well, but preparation, filtration and 
counting time for each sample made this method laborious in comparison with solute 
analyses. Use of a particle counter (Göppert and Goldscheider 2008) could have 
expedited microsphere analyses. 
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4.7 Supporting information 
 
4.7.1 Isolation procedure for wild-type E. coli 
The wild strain was isolated by filtering a series of dilutions consisting of a blank, 
0.5 mL, 1 mL, 5 mL, 10 mL and 20 mL of Blue Hole Spring water and grown on nutrient 
agar with MUG. The plates were then placed in an incubator for 24 h at 44.5ºC. The 
plates were subsequently introduced to UV light to determine that the colonies were wild 
E. coli and an isolated colony was then selected and placed into 125 mL of tryptic soy 
broth. The flask was placed on a shaker table at a speed of 150 rpm in an incubator for 24 
h at 37ºC. Tryptic soy agar slants were then inoculated with the log phase growth of E. 
coli, allowed to multiply at room temperature for 24 h, and then placed in a refrigerator at 
4ºC for long-term storage.  New slants were made on approximately 60-day intervals, 
using the original isolate, to reduce the occurrence of mutation.   
 
4.7.2 Analysis of 15N enriched E. coli samples  
For 15N analysis, a custom filtration device was constructed to remove bacteria, 
organics and assorted inorganic matter from suspension onto 2.1-cm diameter glass 
microfiber filters (GFFs) having a nominal pore size of 0.8 µm (Whatman International, 
Maidstone, U.K.). The GFFs were ashed in a furnace at 550ºC for 20 min to ensure any 
possible 15N contamination in the filter bindings was removed. Blue Hole Spring water 
samples (500 mL each) were filtered and inoculated with 1 mL of each serial dilution 
obtained from mass growth of enriched E. coli (corresponding to dilutions used in 
membrane filtration to obtain an estimated calibration curve for the experiment (Figure 
4.6)). Because the filter became clogged, this procedure normally took a minimum of 30 
min/L. After filtration, the GFF was alternately rinsed with 5 mL of 10 % HCl and 20 mL 
of deionized water (two times each) to assure all HCl was removed from the filter. 
Addition of 10 % HCl to the filtered sediments removed all inorganic carbon sources, 
which would cause the isotope ratio mass spectrophotometer (IRMS) to operate less 
efficiently. 
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After filtration each individual GFF was folded in half, put in a small piece of 
aluminum foil, and dried for 12-20 h at 30ºC. The dried filters were removed from the 
oven and any excess glass fibers around the edges of the trapped sediments and on the 
back of the filter were trimmed. This procedure minimized the amount of glass fibers that 
entered into the IRMS, thus increasing the lifetime of the instrument’s column. Each 
filter was then folded and placed into 9 × 10-mm pressed tin capsules (Costech Analytical 
Technologies Inc., Valencia, CA), which were closed tightly, formed into small spheres 
and placed into polystyrene multiwell containers (Becton Dickinson Labware, Franklin 
Lakes, NJ) for storage. All instruments used during these procedures were cleaned 
thoroughly between samples to prevent cross-contamination. 
Samples obtained during the storm trace were taken in five 1-L volumes. In the 
laboratory the 1-L volumes for each sample were mixed together in a clean 
polypropylene (PP) bucket and ~ 500 mL of this mixture was then passed through the 
GFF. The subsample volume was chosen to limit filter clogging because of the high 
turbidity of the storm waters. After each subsample was filtered, the filters were acid-
rinsed, dried and packed for IRMS analysis. The filter apparatus was cleaned thoroughly 
between samples to limit cross-contamination. 
 
4.7.3 Microsphere analysis 
Prior to filtration of microspheres, samples were mixed by inverting 25 times, 
sonicated for approximately 30 s and then inverted another 25 times to obtain a 
homogeneous suspension and dislodge any microspheres possibly attached to the sides of 
the sample bottles. Microspheres were removed from solution using a typical membrane 
filtration assembly used for microbial analysis, which was washed between samples to 
prevent cross-contamination. A maximum of 100 mL of sample could be filtered before 
sediments began to interfere with viewing the microspheres. Microspheres were collected 
on 47-mm diameter, black, gridded cellulose nitrate filters with a nominal pore size of 0.8 
µm. After filtration, each filter was placed on a pre-washed 75 × 50 × 1-mm microscope 
slide with the grid parallel to the edge of the slide. The filters were then viewed with the 
40× objective and counted beginning at the top and moving downward in a side to side 
 67
 
motion. Typically a filter could be scanned in 30 to 40 min; longer times resulted in 
drying of the filter, causing it to detach from the slide. 
 
4.7.4 Blue Hole Spring discharge calculations 
Discharge was manually measured at Blue Hole Spring by stream gauging during 
various flow conditions following the mid-section method of Rantz (1982), which 
requires values of width, depth and flow velocity at set intervals across the channel. 
These measurements were obtained using a top-setting rod and a Flo-Mate Model 2000 
current meter (Marsh-McBirney, Frederick, MD). Stage was continuously logged at 10-
min intervals during the monitoring period with a Campbell Scientific CR10X data 
logger and a Druck model PDCR 1230 pressure transducer (Campbell Scientific, Inc., 
Logan, UT) placed in a stilling well along the edge of the channel. Measurements of 
discharge and stage from this study, McFarland (2003), and Reed (2006) were plotted 
together to obtain an empirical rating curve for the spring (Rantz 1982, Fenton 2001) 
(Figure 4.7). 
 
4.7.5 Programming of automatic samplers 
During storm traces each ISCO 3700 series sampler (ISCO, Inc., Lincoln, NE) 
was programmed to purge its sample line three times between samples to limit cross 
contamination. One ISCO sampler was equipped with glass test tubes (volume ~ 60 mL) 
for rhodamine WT and Br- samples, plus a bag of ice to chill those samples until they 
could be recovered and decanted into 40-mL amber glass vials. Microsphere samples 
were collected by a second ISCO sampler in 1-L PP bottles. Samples were then placed on 
ice in a cooler and transported to the laboratory for storage in the dark at 4°C. 
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Table 4.1 Type and amount of tracer used in storm traces at Blue Hole Spring, 
Versailles, Woodford County, Kentucky. 
 
 
 
 Summer storm-flow trace Early spring storm-flow trace 
Rhodamine WT dye 250 mL of 20 % aqueous solution 
200 mL of 20 % aqueous 
solution 
NaBr salt 6 kg 7 kg 
Fluorescent latex 1-µm 
latex microspheres 
20 mL of dragon green 
microspheres (1.875 × 1010 
microspheres/mL) 
20 mL of plum purple 
microspheres (1.875 × 1010 
microspheres/mL) 
15N-enriched E. coli  6 L cells (~7.71x10
12 cells) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  summer 2006 trace early spring 2007 trace 
avg. water temperature (ºC) 17.6  14
avg. electrical conductivity (µS/cm) 506  514
avg. pH 7.14  6.28
avg. discharge (m3/s) 0.165 (max 0.262) 0.100 (max 0.357) 
% recovery rhodamine WT (standard analysis method) 57  80
% recovery Br- (standard analysis method) 53  28
estimated % recovery latex microspheres (standard analysis method) 67  30
estimated % recovery 15N-enriched E. coli  (standard analysis method)   40 
QTracer2 % recovery rhodamine WT 61  82
QTracer2 % recovery Br- 54  30
QTracer2 rhodamine WT mean velocity (m/h) 157.4  605.15
QTracer2 Br- mean velocity (m/h) 251.27  627.62
rhodamine WT centroid (MatLab code) (h, µg/L)  5.31, 15.09  1.33, 34.29 
Br- centroid (MatLab code) (h, mg/L) 3.03, 1.46 1.24, 1.41 
 
 
Table 4.2 Summary of physiochemical parameters and mass recovery, tracer velocity, and center of mass calculations for storm-
flow traces at Blue Hole Spring, Versailles, Woodford County, Kentucky.  
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Figure 4.1 Interpreted groundwater flow map and locations within the Blue Hole 
Spring karst groundwater basin overlain by the Versailles, Kentucky, city 
limits.   
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Figure 4.2 Breakthrough curves for solutes and microspheres for July 11, 2006, storm-flow trace Blue Hole Spring, Versailles, 
Woodford County, Kentucky.  
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Figure 4.3 Remobilization of microspheres corresponding to subsequent changes in discharge for the July 11, 2006, storm-flow 
trace, Blue Hole Spring, Versailles, Woodford County, Kentucky.  
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Figure 4.4 Solute, particle and enriched E. coli breakthrough curves for April 1, 2007, storm-flow trace, Blue Hole Spring, 
Versailles, Woodford County, Kentucky. 
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Figure 4.5 Remobilization of microspheres corresponding to subsequent changes in discharge for the April 1, 2007, storm-flow 
trace, Blue Hole Spring, Versailles, Woodford County, Kentucky.  
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Figure 4.6 Calibration curve for the laboratory proof-of-concept experiment correlating ‰15N enrichment with E. coli cell counts.
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Figure 4.7 Blue Hole Spring rating curve developed from a compilation of new and 
previous data (McFarland 2003, Reed 2006), Versailles, Woodford 
County, Kentucky.  
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CHAPTER 5 – CONCLUSIONS AND RECOMMENDATIONS 
 
5.1 Testing of hypothesis and objective results 
Hypothesis: Karst aquifer conditions limit decay rates of indicator microorganisms, 
allowing for enhanced mobility of introduced organisms during storm flow. 
 
Results of the study demonstrate that decay rates of bacterial indicators are indeed 
limited due to karst groundwater conditions (e.g., cool and dark). The lack of decay 
therefore allows bacteria in the subsurface to remain viable and be mobile farther from 
their sources than they typically do in surface water environments. 
 
Objective 1:  Determine if conditions in karst aquifers limit decay rates of fecal indicator 
microorganisms and if the AC/TC ratio can be used as a tool for evaluating load, 
source and age of fecal material within karst groundwater systems. 
 
Chapter 2 evaluated the decay rates of fecal indicator microorganisms (AC and 
TC) in a laboratory experiment. Results from this experiment determined that subsurface 
conditions can limit decay rates of indicators in comparison to surface water 
environments. While this is not surprising, the different behavior of the microbial groups 
must be taken into consideration when applying them to watershed management.  The 
limited decay phenomenon would thus maintain the low AC/TC ratios from a fresh fecal 
input for a longer period of time when water is held underground. Therefore, to use the 
AC/TC ratio in karst systems, a finer sampling grid (e.g., samples taken closer together) 
should be implemented to isolate zones of fresh fecal loading, and care used when 
interpreting results. Chapter 2 also addressed using the AC/TC ratio to evaluate changes 
of fecal loading within a karst system over time and to locate zones of fecal loading. In 
this section data were split into “wet” and “normal” conditions and statistically analyzed. 
During the first monitoring period (2002-04), the ratio responded to “wet” conditions by 
decreasing (typically < 10), apparently as a result of nutrient loading and fecal inputs 
associated with runoff. The ratio remained above 10 for “normal” data. In the 2005 data 
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set there was no statistically significant difference between ”wet” and “normal” data; the 
ratio was generally low and the overall fecal load was greater that during the 2002-04 
monitoring period. Low AC/TC ratios corresponded to high FC concentrations in 
groundwater for the entire data set. The AC/TC ratio thus proved useful for evaluating 
changes in fecal load and delineating zones of fecal loading within the karst system.   
  
Objective 2: Perform multiple logistic regression (MLR) modeling to determine if 
physiochemical parameters correspond with FC concentrations within the Blue 
Hole karst groundwater system.  
  
Chapter 3 demonstrated that physiochemical parameters (water temperature and 
precipitation) could be used in relatively simple multiple logistic regression (MLR) 
models to predict “safe for contact” and “unsafe for contact” FC concentrations. These 
MLR’s can then be used as an economical way to continue water quality monitoring for 
karst groundwater sites that have been well characterized, with less frequent microbial 
sampling.      
 
Objective 3: Evaluate mobility of solutes, bacteria-sized latex microspheres and 15N-
enriched microorganisms (wild-type E. coli) in storm-flow tracer tests to 
determine if these tracers display similar mobility and resolve if microorganism 
mobility can be mimicked by solute and/or particle surrogate tracers.  
 
Chapter 4 assessed the mobility of indicator microorganisms and possible 
surrogate tracers (solutes and particles) within karst under storm flow conditions. A wild 
type of E. coli was isolated from the natural karst system and successfully enriched with 
15N. The mass growths of labeled E. coli were then used in comparative tracer tests with 
solutes (rhodamine WT and NaBr) and bacteria-sized latex microspheres. These tests 
indicated that various tracers behaved differently. Solute tracers broke through and/or 
peaked earlier than particle tracers. Microspheres were remobilized by increases in 
discharge associated with subsequent storm events, while solute and microbial tracers 
apparently were not remobilized. Consequently, surrogate tracers such as solutes and 
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latex microspheres may not adequately represent bacterial indicator mobility within karst 
aquifers under storm-flow conditions.  
5.2 Conclusions 
This research implemented novel research approaches to determine source, age, 
concentration and mobility of fecal indicator microorganisms within the Blue Hole 
Spring karst groundwater basin of Versailles, Woodford County, Kentucky. The AC/TC 
ratio used in combination with FC bacteria concentrations demonstrated a new, useful 
tool for delineating “hot spots” of fresh fecal inputs within karst systems. Under 
subsurface (i.e., cool and dark) conditions, the AC/TC ratio was preserved for longer 
periods of time than in surface waters. To use the ratio for pinpointing zones of fecal 
loading, a more detailed sampling grid (e.g., more samples taken closer together) should 
be applied. The use of multiple logistic regression models to predict “safe for contact” or 
“unsafe for contact” FC concentrations by physiochemical parameters worked well for 
Blue Hole Spring, providing yet another tool for evaluating long-term water quality at 
well-characterized sites in a timely and economical manner. A series of comparative 
tracer tests under storm-flow conditions indicated that microbial transport cannot simply 
be mimicked by surrogate abiotic tracers (e.g., solutes and particles), yet demonstrated 
wild-type E. coli can be isolated from a karst system, isotopically labeled and used 
successfully as a groundwater tracer.  
 
5.3 Recommendations for future research 
This research documented the utility of several new techniques for determining 
age, source, load and mobility of fecal indicator microorganisms within karst 
groundwater environments. Application of the AC/TC ratio for locating zones of fecal 
loading within other karst aquifers should be undertaken because of the ability of the ratio 
to locate “hot spots” of fresh fecal loading within a groundwater system. The ratio also 
correlated well with high fecal loads. The AC/TC ratio is recommended for future use in 
fecal source tracking within groundwater systems due to its overall ability as a tool that 
allows determination of age, source and load of fecal matter, a definite advantage in 
comparison to traditional indicators. Finally, long-term sampling of a site using the ratio 
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can also provide information on changes of fecal loading over time and allow for 
evaluation of changes in land use.  
The MLR models developed allow for long-term, economical monitoring of a 
well-characterized site (e.g., microbial samples do not have to be collected as often) using 
only physiochemical parameters to evaluate FC concentrations of concern. MLR models 
using only physiochemical parameters worked well for predicting FC concentrations in 
the karst setting,,in contrast to prior studies in surface waters. Also, the MLR models may 
be applicable for estimating FC concentration thresholds where access to microbial 
laboratories is limited. However, the specific equation is likely to vary between basins.  
The use of solutes and bacteria-sized latex microspheres to mimic transport of 
indicator bacteria within the karst system is problematic due to the differences in mobility 
of the tracers. If microspheres are to be used, they may be analyzed more efficiently than 
in this study, such as by using a particle counter or flow cytometer, making the analysis 
time substantially less. The use of 15N-enriched E. coli should be considered for bacterial 
tracer tests in other karst terrains because of the very low detection limits (~ 2 bacteria) 
and the ability of the method to accurately determine mobility of the microorganisms. 
Tracing of 15N-enriched E. coli worked well and the only way to truly understand 
bacterial transport is to use bacteria. More broadly, enriched bacteria may be used to 
determine fate and transport of indicator microorganisms in other aquifers, soils, and 
surface waters. Such broader applications of this tracking tool should be limited only by 
the ability of investigators to culture indigenous bacteria. As a final comment, it is 
imperative to assemble a multidisciplinary research team to guide this type of project. It 
could not have occurred without input from numerous researchers in a variety of 
disciplines, including hydrogeology, environmental microbiology, and geochemistry. 
 
 
 
 
 
 
Copyright © James Wade Ward 2008 
 81
Appendix A     Compilation of fecal indicator concentrations for the 2005 monitoring period.
Table A.1     Total coliform and atypical colony data for Blue Hole Spring 2005 monitoring period.
Date In Temp In (ºC) Time In Date Out Temp Out (ºC) Time Out
CFU/100ml 
Totals
CFU/100ml 
Atypicals
CFU/100ml 
Backgrounds AC/TC Ratio
1/26/2005 35.5 2:59p 1/27/2005 35.0 1:35p 1200 2850 100 2.4
2/2/2005 35.5 3:25p 2/3/2005 35.5 1:35p 516.66 1266.5 700 2.5
2/9/2005 35.0 2:40p 2/10/2005 35.0 1:50p 450 1400 383 3.1
2/16/2005 35.0 1:50p 2/17/2005 35.0 1:35p 316.66 1200 216 3.8
2/23/2005 35.0 2:05p 2/24/2005 35.0 2:40p 1216.67 1850 467 1.5
3/2/2005 34.5 1:45p 3/3/2005 35.0 12:50p 300 1091.5 300 3.6
3/9/2005 35.0 1:25p 3/10/2005 35.0 2:30p 700 2300 517 3.3
3/16/2005 35.0 4:25p 3/17/2005 35.0 4:05p 1316.5 2600 950 2.0
3/23/2005 35.0 1:45p 3/24/2005 35.0 1:30p 850 4450 230 5.2
3/30/2005 35.0 2:00p 3/31/2005 35.0 1:40p 21000 89500 46500 4.3
4/6/2005 35.0 2:40p 4/7/2005 35.0 2:40p 800 1667 1000 2.1
4/13/2005 35.0 2:00p 4/14/2005 35.0 2:10p 1500 11825 3800 7.9
4/20/2005 35.0 1:50p 4/21/2005 35.0 2:00p 1334 1858 483 1.4
4/27/2005 35.0 3:00p 4/28/2005 35.0 2:00p 1242 45600 20500 36.7
5/4/2005 35.0 3:10p 5/5/2005 35.0 2:15p 717 1767 500 2.5
5/11/2005 35.0 3:05p 5/12/2005 35.0 3:05p 900 3450 1200 3.8
5/18/2005 35.0 12:15p 5/19/2005 35.0 2:00p 450 4675 250 10.4
5/25/2005 35.0 3:25p 5/26/2005 35.0 2:25p 783.33 11125 1200 14.2
6/1/2005 35.0 3:40p 6/2/2005 35.0 2:30p 683.33 12125 4800 17.7
6/8/2005 35.0 2:45p 6/9/2005 35.0 1:15p 20500 27500 9000 1.3
6/15/2005 35.0 5:45p 6/16/2005 35.0 6:10p 5300 78000 26500 14.7
6/22/2005 35.0 3:45p 6/23/2005 35.0 2:45p 916.667 4950 1900 5.4
6/29/2005 35.0 4:00p 6/30/2005 35.0 3:30p 1000 8750 716.67 8.8
7/6/2005 35.0 3:00p 7/7/2005 35.0 2:00p 816.67 8325 1800 10.2
7/13/2005 35.0 3:00p 7/14/2005 35.0 2:30p 250000 650000 250000 2.6
7/20/2005 35.0 2:45p 7/21/2005 35.0 3:30p 4100 54000 24000 13.2
Table A.1     continued
Date In Temp In (ºC) Time In Date Out Temp Out (ºC) Time Out
CFU/100ml 
Totals
CFU/100ml 
Atypicals
CFU/100ml 
Backgrounds AC/TC Ratio
7/27/2005 35.0 4:30p 7/28/2005 35.0 3:20p 3450 51500 14000 14.9
8/3/2005 35.0 3:00p 8/4/2005 35.0 3:00p 700 17500 2750 25.0
8/10/2005 35.0 3:15p 8/11/2005 35.0 3:15p 100000 1495000 555,000 15.0
8/17/2005 35.0 4:00p 8/18/2005 35.0 2:30p 195000 5200000 2100000 26.7
8/24/2005 35.0 3:00p 8/25/2005 35.0 3:15p 1750 290000 160000 165.7
8/31/2005 35.0 1:30p 9/1/2005 35.0 2:00p 72000 1200000 225000 16.7
9/7/2005 35.0 1:30p 9/8/2005 35.0 3:00p 140000 175000 14000 1.3
9/14/2005 35.0 1:15p 9/15/2005 35.0 2:00p 3250 77750 11500 23.9
9/21/2005 35.0 2:20p 9/22/2005 35.0 3:15p 315000 1000000 385000 3.2
9/28/2005 35.0 4:00p 9/29/2005 35.0 3:45p 1900 14500 3000 7.6
10/5/2005 35.0 2:15p 10/6/2005 35.0 2:00p 1300 15500 9500 11.9
10/19/2005 35.0 2:30p 10/20/2005 35.0 1:45p 996.6 10150 2100 10.2
Note: refer to Reed (2006) Table 3.8 for 2002-04 microbial data
Table A.2     Fecal coliform data for Blue Hole Spring 2005 monitoring period.
Date In Temp In (ºC) Time In Date Out Temp Out (ºC) Time Out
CFU/100ml 
Fecals
1/26/2005 44.5 2:59p 1/27/2005 44.5 1:35p 230
2/2/2005 44.5 3:25p 2/3/2005 44.5 1:35p 130
2/9/2005 44.0 2:40p 2/10/2005 44.5 1:50p 170
2/16/2005 44.0 1:50p 2/17/2005 44.5 1:35p 150
2/23/2005 44.0 2:05p 2/24/2005 44.0 2:40p 220
3/2/2005 44.0 1:45p 3/3/2005 44.5 12:50p 105
3/9/2005 44.0 1:25p 3/10/2005 44.0 2:30p 125
3/16/2005 44.5 4:25p 3/17/2005 44.0 4:05p 175
3/23/2005 44.5 1:45p 3/24/2005 44.0 1:30p 220
3/30/2005 44.5 2:00p 3/31/2005 44.0 1:40p 1200
4/6/2005 44.0 2:40p 4/7/2005 44.5 2:40p 190
4/13/2005 44.5 2:00p 4/14/2005 44.0 2:10p 275
4/20/2005 44.0 1:50p 4/21/2005 44.0 2:00p 532
4/27/2005 44.5 3:00p 4/28/2005 44.5 2:00p 375
5/4/2005 44.5 3:10p 5/5/2005 44.5 2:15p 330
5/11/2005 44.5 3:05p 5/12/2005 44.0 3:05p 750
5/18/2005 44.0 12:15p 5/18/2005 44.5 2:00p 50
5/25/2005 44.0 3:25p 5/26/2006 44.0 2:20p 325
6/1/2005 44.0 3:40p 6/2/2005 44.0 2:30p 280
6/8/2005 44.5 2:45p 6/9/2005 44.0 1:15p 1450
6/15/2005 44.5 5:45p 6/16/2005 44.5 6:10p 1450
6/22/2005 44.0 3:45p 6/23/2005 44.0 2:45p 230
6/29/2005 44.0 4:00p 6/30/2005 44.5 3:30p 210
Table A.2     continued
Date In Temp In (ºC) Time In Date Out Temp Out (ºC) Time Out
CFU/100ml 
Fecals
7/6/2005 44.5 3:00p 7/7/2005 44.0 2:00p 185
7/13/2005 44.5 3:00p 7/14/2005 44.5 2:30p 5250
7/20/2005 44.5 2:45p 7/21/2005 44.0 3:30p 775
7/27/2005 44.5 4:30p 7/28/2005 44.0 3:20p 415
8/3/2005 44.5 3:00p 8/4/2005 44.5 3:00p 135
8/10/2005 44.5 3:15p 8/11/2005 44.5 3:15p 10500
8/17/2005 44.5 4:00p 8/18/2005 44.5 2:30p 16000
8/24/2005 44.5 3:00p 8/25/2005 44.5 3:15p 490
8/31/2005 44.5 1:30p 9/1/2005 44.5 2:00p 4150
9/7/2005 44.5 1:30p 9/8/2005 44.5 3:00p 1300
9/14/2005 44.5 1:15p 9/15/2005 44.5 2:00p 1450
9/21/2005 44.5 2:20p 9/22/2005 44.5 3:15p 29000
9/28/2005 44.5 4:00p 9/29/2005 44.5 3:45p 620
10/5/2005 44.5 2:15p 10/6/2005 44.5 2:00p 375
10/19/2005 44.5 2:30p 10/20/2005 44.5 1:45p 225
Note: refer to Reed (2006) Table 3.8 for 2002-04 microbial data
Table A.3     Total coliform and atypical colony data for Big Spring Park swallet 2005 monitoring period.
Date In
Temp In 
(ºC) Time In Date Out
Temp Out 
(ºC) Time Out
CFU/100ml 
Totals
CFU/100ml 
Atypicals
CFU/100ml 
Backgrounds
AC/TC 
Ratio
6/29/2005 35.0 4:00p 6/30/2005 35.0 3:30p 2750 48500 9500 17.636
7/6/2005 35.0 3:00p 7/7/2005 35.0 2:00p 3400 73000 16000 21.471
7/13/2005 35.0 3:00p 7/14/2005 35.0 2:30p 145000 530000 235000 3.655
7/20/2005 35.0 2:45p 7/21/2005 35.0 3:30p 2500 70500 24000 28.200
7/27/2005 35.0 4:30p 7/28/2005 35.0 3:20p 2150 36500 12000 16.977
8/3/2005 35.0 3:00p 8/3/2005 35.0 3:00p 1750 37500 22000 21.429
8/10/2005 35.0 3:15p 8/11/2005 35.0 3:15p 625000 2235000 730000 3.576
8/17/2005 35.0 4:00p 8/18/2005 35.0 2:30p 19000 2950000 240000 155.263
8/24/2005 35.0 3:00p 8/25/2005 35.0 3:15p 1850 715000 410000 386.486
8/31/2005 35.0 1:30p 9/1/2005 35.0 2:00p 190000 2950000 1250000 15.526
9/7/2005 35.0 1:30p 9/8/2005 35.0 3:00p 255000 495000 150000 1.941
9/14/2005 35.0 1:15p 9/15/2005 35.0 2:00p 3850 530000 18500 137.662
9/21/2005 35.0 2:20p 9/22/2005 35.0 3:15p 17000 480000 175000 28.235
9/28/2005 35.0 4:00p 9/29/2005 35.0 3:45p 1100 20500 6500 18.636
10/5/2005 35.0 2:15p 10/6/2005 35.0 2:00p 2150 111500 20500 51.860
10/12/2005 35.0 2:30p 10/13/2005 35.0 3:10p 1300 470000 15000 361.538
10/19/2005 35.0 2:30p 10/20/2005 35.0 1:45p 1650 19500 11000 11.818
Table A.4     Fecal coliform data for Big Spring Park swallet 2005 monitoring period.
Date In Temp In (ºC) Time In Date Out Temp Out (ºC) Time Out CFU/100ml Fecals
6/29/2005 44.0 4:00p 6/30/2005 44.5 3:30p 190
7/6/2005 44.5 3:00p 7/7/2005 44.0 2:00p 725
7/13/2005 44.5 3:00p 7/14/2005 44.5 2:30p 4600
7/20/2005 44.5 2:45p 7/21/2005 44.0 3:30p 575
7/27/2005 44.5 4:30p 7/28/2005 44.0 3:20p 280
8/3/2005 44.5 3:00p 8/4/2005 44.5 3:00p 135
8/10/2005 44.5 3:15p 8/11/2005 44.5 3:15p 18650
8/17/2005 44.5 4:00p 8/18/2005 44.5 2:30p 2550
8/24/2005 44.5 3:00p 8/25/2005 44.5 3:15p 717.5
8/31/2005 44.5 1:30p 9/1/2005 44.5 2:00p 11500
9/7/2005 44.5 1:30p 9/8/2005 44.5 3:00p 750
9/14/2005 44.5 1:15p 9/15/2005 44.5 2:00p 500
9/21/2005 44.5 2:20p 9/22/2005 44.5 3:15p 1950
9/28/2005 44.5 4:00p 9/29/2005 44.5 3:45p 380
10/5/2005 44.5 2:15p 10/6/2005 44.5 2:00p 1500
10/12/2005 44.5 2:30p 10/13/2005 44.5 3:10p 850
10/19/2005 44.5 2:30p 10/20/2005 44.5 1:45p 315
Appendix B    Statistical analysis for Chapter 2 
 
Descriptive Statistics: Friday, April 07, 2006, 11:02:17 AM 
 
Data source: Data 1 in Notebook 1 
 
Column Size Missing Mean Std Dev Std. Error C.I. of Mean  
mw - 72h 16 0 0.672 0.827 0.207 0.441  
mw - logFec 16 0 2.994 0.796 0.199 0.424  
mw - logAtyp 16 0 4.632 1.251 0.313 0.666  
mw - logTot 16 0 3.783 1.104 0.276 0.588  
mw - logAC/TC 16 0 0.849 0.413 0.103 0.220  
mn - 72h 23 0 0.0109 0.0345 0.00719 0.0149  
mn - logFec 23 0 2.516 0.372 0.0776 0.161  
mn - logAtyp 23 0 4.057 0.748 0.156 0.324  
mn - logTot 23 0 3.176 0.549 0.114 0.237  
mn - logAC/TC 23 0 0.881 0.650 0.136 0.281  
tw - 72h 15 0 0.823 0.713 0.184 0.395  
tw - logFec 15 0 2.053 0.554 0.143 0.307  
tw - logAtyp 15 0 4.424 0.520 0.134 0.288  
tw - logTot 15 0 3.480 0.563 0.145 0.312  
tw - logAC/TC 15 0 0.944 0.165 0.0425 0.0912  
tn - 72h 17 0 0.0188 0.0421 0.0102 0.0217  
tn - logFec 17 0 1.872 0.466 0.113 0.240  
tn - logAtyp 17 0 4.360 0.428 0.104 0.220  
tn - logTot 17 0 3.151 0.442 0.107 0.227  
tn - logAC/TC 17 0 1.209 0.234 0.0568 0.120  
 
Column Range Max Min  Median  25% 75%  
mw - 72h 3.240 3.450 0.210 0.455 0.280 0.505  
mw - logFec 2.441 4.462 2.021 2.841 2.286 3.669  
mw - logAtyp 3.678 6.716 3.038 4.696 3.314 5.906  
mw - logTot 3.021 5.498 2.477 3.446 2.870 4.929  
mw - logAC/TC 1.383 1.565 0.182 0.756 0.509 1.171  
mn - 72h 0.120 0.120 0.000 0.000 0.000 0.000  
mn - logFec 1.462 3.161 1.699 2.439 2.290 2.717  
mn - logAtyp 2.742 5.845 3.103 3.942 3.476 4.390  
mn - logTot 2.493 5.146 2.653 3.000 2.905 3.163  
mn - logAC/TC 2.634 2.731 0.0969 0.897 0.379 1.150  
tw - 72h 2.220 2.430 0.210 0.670 0.297 0.860  
tw - logFec 2.158 2.857 0.699 2.255 1.783 2.389  
tw - logAtyp 1.584 4.964 3.380 4.653 4.020 4.843  
tw - logTot 1.695 3.996 2.301 3.778 3.025 3.954  
tw - logAC/TC 0.684 1.340 0.656 0.961 0.862 1.001  
tn - 72h 0.160 0.160 0.000 0.000 0.000 0.01000  
tn - logFec 1.672 2.672 1.000 1.863 1.553 2.196  
tn - logAtyp 1.875 5.380 3.505 4.398 4.075 4.638  
tn - logTot 1.722 3.898 2.176 3.130 2.919 3.424  
tn - logAC/TC 0.802 1.640 0.838 1.176 1.078 1.356  
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Column Skewness Kurtosis K-S Dist. K-S Prob. Sum Sum of Squares  
mw - 72h 3.006 9.324 0.395 <0.001 10.750 17.493  
mw - logFec 0.536 -1.001 0.138 0.518 47.901 152.923  
mw - logAtyp 0.156 -1.357 0.158 0.339 74.118 366.806  
mw - logTot 0.439 -1.472 0.176 0.200 60.531 247.292  
mw - logAC/TC 0.182 -1.238 0.203 0.078 13.587 14.092  
mn - 72h 3.121 8.519 0.493 <0.001 0.250 0.0289  
mn - logFec 0.238 -0.0177 0.139 0.283 57.877 148.687  
mn - logAtyp 0.929 0.235 0.141 0.268 93.312 390.888  
mn - logTot 2.643 7.722 0.282 <0.001 73.040 238.568  
mn - logAC/TC 1.264 2.050 0.127 0.416 20.273 27.170  
tw - 72h 1.399 0.779 0.296 <0.001 12.350 17.287  
tw - logFec -1.044 1.208 0.176 0.238 30.802 67.545  
tw - logAtyp -0.850 -0.623 0.204 0.095 66.359 297.355  
tw - logTot -0.850 -0.558 0.235 0.025 52.203 186.121  
tw - logAC/TC 0.318 2.050 0.153 0.422 14.156 13.738  
tn - 72h 2.790 8.167 0.407 <0.001 0.320 0.0344  
tn - logFec -0.0246 -0.282 0.103 0.795 31.832 63.076  
tn - logAtyp 0.374 1.061 0.136 0.501 74.115 326.058  
tn - logTot -0.207 0.334 0.140 0.466 53.567 171.921  
tn - logAC/TC 0.216 -0.544 0.114 0.718 20.548 25.715  
 
 
 
 
 
 
 
 
 
Normality Test (Kolmogorov-Smirnov) Thursday, October 18, 2007, 2:08:03 PM 
 
Data source: Data 1 in Notebook 2 
 
FC:  K-S Dist. = 0.407    P  < 0.001  Failed 
log FC:  K-S Dist. = 0.102    P  = 0.064  Passed 
TC:  K-S Dist. = 0.445    P  < 0.001  Failed 
log TC:  K-S Dist. = 0.171    P  < 0.001  Failed 
AC:  K-S Dist. = 0.424    P  < 0.001  Failed 
log AC:  K-S Dist. = 0.092    P  = 0.136  Passed 
AC/TC:  K-S Dist. = 0.381    P  < 0.001  Failed 
log AC/TC:  K-S Dist. = 0.094    P  = 0.123  Passed 
 
A test that fails indicates that the data varies significantly from the pattern expected if the data was drawn 
from a population with a normal distribution. 
A test that passes indicates that the data matches the pattern expected if the data was drawn from a 
population with a normal distribution. 
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Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:41:21 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = 0.004) 
 
Group N  Missing  Median    25%      75%     
05N-AC/TC 21 0 5.400 2.302 10.772  
05W-AC/TC 16 0 5.947 3.230 14.833  
 
T = 336.000  n(small)= 16  n(big)= 21  (P = 0.334) 
 
The difference in the median values between the two groups is not great enough to exclude the possibility 
that the difference is due to random sampling variability; there is not a statistically significant difference  (P 
= 0.334) 
 
 
 
 
Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:42:46 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = 0.010) 
 
Group N  Missing  Median    25%      75%     
05N-AC/TC 21 0 5.400 2.302 10.772 
02-04W-AC/TC 15 0 9.149 7.290 10.019 
 
T = 313.000  n(small)= 15  n(big)= 21  (P = 0.261) 
 
The difference in the median values between the two groups is not great enough to exclude the possibility 
that the difference is due to random sampling variability; there is not a statistically significant difference  (P 
= 0.261) 
 
 
Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:44:01 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = 0.005) 
 
Group N  Missing  Median    25%      75%     
05N-AC/TC 21 0 5.400 2.302 10.772 
02-04N-AC/TC 17 0 15.000 12.044 22.857 
 
T = 446.000  n(small)= 17  n(big)= 21  (P = <0.001) 
 
The difference in the median values between the two groups is greater than would be expected by chance; 
there is a statistically significant difference  (P = <0.001) 
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Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:45:02 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = <0.001) 
 
Group N  Missing  Median    25%      75%     
05W-Fecals 16 0 697.500 195.000 4700.000  
05N-Fecals 21 0 230.000 188.750 444.250  
 
T = 357.000  n(small)= 16  n(big)= 21  (P = 0.108) 
 
The difference in the median values between the two groups is not great enough to exclude the possibility 
that the difference is due to random sampling variability; there is not a statistically significant difference  (P 
= 0.108) 
 
 
 
Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:45:35 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = <0.001) 
 
Group N  Missing  Median    25%      75%     
05W-Fecals 16 0 697.500 195.000 4700.000  
02-04W-Fecals 15 0 180.000 60.750 245.000  
 
T = 163.500  n(small)= 15  n(big)= 16  (P = 0.003) 
 
The difference in the median values between the two groups is greater than would be expected by chance; 
there is a statistically significant difference  (P = 0.003) 
 
 
 
Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:46:23 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = <0.001) 
 
Group N  Missing  Median    25%      75%     
02-04N-Fecals 17 0 73.000 35.750 157.500  
05N-Fecals 21 0 230.000 188.750 444.250  
 
T = 210.000  n(small)= 17  n(big)= 21  (P = <0.001) 
 
The difference in the median values between the two groups is greater than would be expected by chance; 
there is a statistically significant difference  (P = <0.001) 
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Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:47:06 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = <0.001) 
 
Group N  Missing  Median    25%      75%     
05N-AC/TC 21 0 5.400 2.302 10.772  
05SW-N-AC/TC Ratio 10 0 21.450 16.977 137.662  
 
T = 232.000  n(small)= 10  n(big)= 21  (P = 0.003) 
 
The difference in the median values between the two groups is greater than would be expected by chance; 
there is a statistically significant difference  (P = 0.003) 
 
 
 
Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:48:22 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = <0.001) 
 
Group N  Missing  Median    25%      75%     
05SW-W-AC/TC Ratio 7 0 18.636 6.623 28.226  
05SW-N-AC/TC Ratio 10 0 21.450 16.977 137.662  
 
T = 56.000  n(small)= 7  n(big)= 10  (P = 0.526) 
 
The difference in the median values between the two groups is not great enough to exclude the possibility 
that the difference is due to random sampling variability; there is not a statistically significant difference  (P 
= 0.526) 
 
 
 
Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:49:16 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = <0.001) 
 
Group N  Missing  Median    25%      75%     
05W-Fecals 16 0 697.500 195.000 4700.000  
05SW-W-Fecals 7 0 2550.000 918.750 9775.000  
 
T = 105.000  n(small)= 7  n(big)= 16  (P = 0.171) 
 
The difference in the median values between the two groups is not great enough to exclude the possibility 
that the difference is due to random sampling variability; there is not a statistically significant difference  (P 
= 0.171) 
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Mann-Whitney Rank Sum Test Monday, February 04, 2008, 2:50:39 PM 
 
Data source: Data 1 in final_stats.SNB 
 
Normality Test: Failed (P = 0.002) 
 
Group N  Missing  Median    25%      75%     
05N-Fecals 21 0 230.000 188.750 444.250  
05SW-N-Fecals 10 0 608.750 280.000 750.000  
 
T = 195.000  n(small)= 10  n(big)= 21  (P = 0.145) 
 
The difference in the median values between the two groups is not great enough to exclude the possibility 
that the difference is due to random sampling variability; there is not a statistically significant difference  (P 
= 0.145) 
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Appendix C     Compiled data for MLR modeling.
Table C.1     Complete data set for multiple logistic regression modeling.
Date
CFU/100 mL 
Fecals
CFU/100 mL 
Totals
CFU/100 mL 
Atypicals AC/TC pH
Water Temperature 
(°C)
Conductivity 
(µS/cm)
Precipitation 
(inch/72 h) 
∆ Water 
Temperature (°C)
12/18/2002 62 840 32000 38.1 7.31 14.4 684 0.16 2.71
1/15/2003 73 960 28000 29.2 7.22 12.5 674 0.00 0.81
1/29/2003 24 640 14000 21.9 7.10 12.3 1081 0.21 0.61
2/12/2003 36 730 9600 13.2 7.05 12.4 856 0.06 0.71
2/26/2003 84 1400 13400 9.6 7.16 13.8 652 0.01 2.11
3/26/2003 63 1260 5700 4.5 6.81 12.8 636 0.22 1.11
4/9/2003 180 2600 23000 8.8 7.12 12.7 732 0.69 1.01
4/23/2003 240 3600 54000 15.0 6.97 12.7 740 0.07 1.01
5/7/2003 360 9400 86000 9.1 6.74 12.2 615 2.43 0.51
5/21/2003 210 7300 74000 10.1 6.98 13.8 608 0.71 2.11
6/4/2003 230 9900 92000 9.3 7.12 15.2 550 0.91 3.51
6/18/2003 720 9700 75000 7.7 7.15 15.6 612 0.29 3.91
7/2/2003 470 7900 55000 7.0 7.01 15.7 655 0.00 4.01
7/16/2003 250 9900 45000 4.5 6.95 16.6 712 1.94 4.91
7/30/2003 330 7700 55000 7.1 7.15 15.5 713 0.32 3.81
8/13/2003 430 5500 240000 43.6 7.63 16.4 711 0.01 4.71
8/27/2003 70 2000 40000 20.0 7.05 16.4 675 0.00 4.71
9/10/2003 180 6100 42000 6.9 7.16 16.9 632 0.00 5.21
9/24/2003 220 7900 56000 7.1 7.45 17.3 702 2.00 5.61
10/8/2003 150 2400 48000 20.0 7.08 16.8 726 0.00 5.11
10/22/2003 80 1600 25000 15.6 7.25 16.3 625 0.00 4.61
11/5/2003 60 6000 58000 9.7 7.35 15.8 604 0.23 4.11
11/19/2003 95 1000 9500 9.5 6.72 14.9 609 0.56 3.21
12/3/2003 35 1100 15000 13.6 7.14 15.4 645 0.00 3.71
12/17/2003 120 3200 36000 11.3 7.11 14.6 627 0.71 2.91
12/31/2003 30 500 4300 8.6 7.14 13.7 613 0.67 2.01
1/14/2004 10 150 3200 21.3 7.03 13.7 695 0.00 2.01
Table C.1     continued
Date
CFU/100 mL 
Fecals
CFU/100 mL 
Totals
CFU/100 mL 
Atypicals AC/TC pH
Water Temperature 
(°C)
Conductivity 
(µS/cm)
Precipitation 
(inch/72 h) 
∆ Water 
Temperature (°C)
1/28/2004 5 200 2400 12.0 7.04 13.1 954 0.46 1.41
2/11/2004 56 800 10200 12.8 7.35 12.6 874 0.00 0.91
2/25/2004 23 350 9600 27.4 7.18 12.4 645 0.00 0.71
3/10/2004 100 1350 13400 9.9 7.04 12.8 594 0.00 1.11
3/24/2004 15 980 12500 12.8 7.20 13.8 645 0.01 2.11
1/26/2005 230 1200 2850 2.4 7.31 13.1 667 0.00 1.41
2/2/2005 130 516.66 1266.5 2.5 7.08 12.7 722 0.00 1.01
2/9/2005 170 450 1400 3.1 6.86 13.4 718 0.21 1.71
2/16/2005 150 316.66 1200 3.8 7.01 13.1 665 0.45 1.41
2/23/2005 220 1216.67 1850 1.5 7.19 12.7 677 0.48 1.01
3/2/2005 105 300 1091.5 3.6 7.08 12.1 689 0.38 0.41
3/9/2005 125 700 2300 3.3 7.26 12.1 686 0.46 0.41
3/16/2005 175 1316.5 2600 2.0 7.31 12.4 741 0.01 0.71
3/23/2005 220 850 4450 5.2 7.17 12.5 713 0.12 0.81
3/30/2005 1200 21000 89500 4.3 7.16 12.5 556 1.79 0.81
4/6/2005 190 800 1667 2.1 7.10 12.8 651 0.00 1.11
4/13/2005 275 1500 11825 7.9 7.13 13.3 677 0.12 1.61
4/20/2005 532 1334 1858 1.4 7.02 13.6 716 0.00 1.91
4/27/2005 375 1242 45600 36.7 7.16 13.1 637 0.46 1.41
5/4/2005 330 717 1767 2.5 7.05 12.8 776 0.00 1.11
5/11/2005 750 900 3450 3.8 7.32 14.1 662 0.00 2.41
5/18/2005 50 450 4675 10.4 7.27 14.2 661 0.00 2.51
5/25/2005 325 783.33 11125 14.2 7.25 14 634 0.24 2.31
6/1/2005 280 683.33 12125 17.7 7.10 14.7 658 0.00 3.01
6/8/2005 1450 20500 27500 1.3 7.18 14.7 675 0.00 3.01
6/15/2005 1450 5300 78000 14.7 7.19 16.7 628 0.32 5.01
6/22/2005 230 916.667 4950 5.4 7.07 15.6 717 0.00 3.91
6/29/2005 210 1000 8750 8.8 7.02 15.4 587 0.00 3.71
7/6/2005 185 816.67 8325 10.2 7.04 15.7 601 0.00 4.01
7/13/2005 5250 250000 650000 2.6 7.13 16.7 554 0.63 5.01
Table C.1     continued
Date
CFU/100 mL 
Fecals
CFU/100 mL 
Totals
CFU/100 mL 
Atypicals AC/TC pH
Water Temperature 
(°C)
Conductivity 
(µS/cm)
Precipitation 
(inch/72 h) 
∆ Water 
Temperature (°C)
7/20/2005 775 4100 54000 13.2 7.08 16.4 574 0.41 4.71
7/27/2005 415 3450 51500 14.9 6.93 16.3 624 0.00 4.61
8/3/2005 135 700 17500 25.0 7.10 16.2 633 0.00 4.51
8/10/2005 10500 100000 1495000 15.0 7.24 17.1 748 0.48 5.41
8/17/2005 16000 195000 5200000 26.7 6.87 18.4 657 0.53 6.71
8/24/2005 490 1750 290000 165.7 6.71 17.1 718 0.00 5.41
8/31/2005 4150 72000 1200000 16.7 6.69 18.8 463 3.45 7.11
9/7/2005 1300 140000 175000 1.3 7.02 17.1 709 0.00 5.41
9/14/2005 1450 3250 77750 23.9 7.17 17.4 760 0.00 5.71
9/21/2005 29000 315000 1000000 3.2 7.21 17.3 702 0.23 5.61
9/28/2005 620 1900 14500 7.6 7.30 16.9 760 0.23 5.21
10/5/2005 375 1300 15500 11.9 7.27 16.6 818 0.00 4.91
10/12/2005 1200 1300 700000 538.5 7.31 16.3 786 0.00 4.61
10/19/2005 225 996.6 10150 10.2 7.39 16 808 0.00 4.31
 
Appendix D   Total statistical data for Chapter 3 including MLR models. 
 
Descriptive Statistics: Thursday, February 21, 2008, 11:51:10 AM 
 
Data source: Data 1 in models.SNB 
 
Column Size Missing Mean Std Dev Std. Error C.I. of Mean 
FC 71 0 1214.831 4076.287 483.766 964.841 
log FC 71 0 2.372 0.684 0.0812 0.162 
TC 71 0 17894.593 55230.741 6554.683 13072.903 
log TC 71 0 3.371 0.728 0.0864 0.172 
AC 71 0 177011.620 661826.861 78544.398 156651.863 
log AC 71 0 4.337 0.809 0.0960 0.192 
AC/TC 71 0 21.159 65.526 7.777 15.510 
log AC/TC 71 0 0.966 0.455 0.0540 0.108 
pH 71 0 7.120 0.171 0.0203 0.0404 
Water temp (deg C) 71 0 14.690 1.838 0.218 0.435 
Conductivity (uS/cm) 71 0 683.437 91.889 10.905 21.750 
precip (72H) 71 0 0.333 0.621 0.0736 0.147 
FC 0/1 71 0 0.549 0.501 0.0595 0.119 
precip 0/1 71 0 0.437 0.499 0.0593 0.118 
schewed delta temp 71 0 3.000 1.838 0.218 0.435  
 
Column Range Max Min  Median  25% 75%  
FC 28995.000 29000.000 5.000 220.000 96.250 460.000  
log FC 3.763 4.462 0.699 2.342 1.983 2.662  
TC 314850.000 315000.000 150.000 1316.500 804.168 5875.000  
log TC 3.322 5.498 2.176 3.119 2.905 3.769  
AC 5198908.500 5200000.000 1091.500 15500.000 5137.500 55750.000  
log AC 3.678 6.716 3.038 4.190 3.710 4.746  
AC/TC 537.212 538.462 1.250 9.667 4.529 14.988  
log AC/TC 2.634 2.731 0.0969 0.985 0.656 1.176  
pH 0.938 7.630 6.692 7.132 7.040 7.218  
Water temp (deg C) 6.700 18.800 12.100 14.600 12.800 16.375  
Conductivity (uS/cm) 618.000 1081.000 463.000 674.000 629.000 717.750  
precip (72H) 3.450 3.450 0.000 0.0600 0.000 0.458  
 
FC 0/1 1.000 1.000 0.000 1.000 0.000 1.000  
precip 0/1 1.000 1.000 0.000 0.000 0.000 1.000  
schewed delta temp 6.700 7.110 0.410 2.910 1.110 4.685  
 
Column Skewness Kurtosis K-S Dist. K-S Prob. Sum  
FC 5.536 33.602 0.407 <0.001 86253.000  
log FC 0.583 1.395 0.102 0.064 168.412  
TC 4.063 16.870 0.445 <0.001 1270516.087  
log TC 1.272 1.429 0.171 <0.001 239.341  
AC 6.626 48.893 0.424 <0.001 12567825.000  
log AC 0.621 0.319 0.0924 0.136 307.905  
AC/TC 7.383 57.696 0.381 <0.001 1502.269  
log AC/TC 0.745 2.639 0.0937 0.123 68.564  
pH -0.255 1.140 0.105 0.050 505.506  
Water temp (deg C) 0.219 -1.233 0.130 0.004 1043.000  
Conductivity (uS/cm) 1.481 4.999 0.128 0.006 48524.000  
precip (72H) 3.103 10.850 0.296 <0.001 23.670  
FC 0/1 -0.202 -2.017 0.365 <0.001 39.000  
precip 0/1 0.261 -1.989 0.372 <0.001 31.000  
schewed delta temp 0.219 -1.233 0.130 0.004 213.000  
 
Column Sum of Squares  
FC 1267911159.000  
log FC 432.231  
TC 236265798063.866  
log TC 843.901  
AC 3.289E+013  
log AC 1381.107  
AC/TC 332344.581  
log AC/TC 80.716  
pH 3601.143  
Water temp (deg C) 15558.240  
Conductivity (uS/cm)33754132.000  
precip (72H) 34.843  
FC 0/1 39.000  
precip 0/1 31.000  
schewed delta temp 875.423  
 
Spearman Rank Order Correlation Thursday, February 21, 2008, 11:53:00 AM 
 
Data source: Data 1 in models.SNB 
 
Cell Contents: 
Correlation Coefficient 
P Value 
Number of Samples 
 
  log FC TC log TC AC log AC AC/TC log AC/TC pH  
FC 1.000 0.661 0.661 0.553 0.553 -0.142 -0.142 -0.0169  
 0.000 0.000 0.000 0.000 0.000 0.237 0.237 0.888  
 71 71 71 71 71 71 71 71  
          
log FC  0.661 0.661 0.553 0.553 -0.142 -0.142 -0.0169  
  0.000 0.000 0.000 0.000 0.237 0.237 0.888  
  71 71 71 71 71 71 71  
          
TC   1.000 0.834 0.834 -0.0640 -0.0640 -0.0412  
   0.000 0.000 0.000 0.595 0.595 0.732  
   71 71 71 71 71 71  
          
log TC    0.834 0.834 -0.0640 -0.0640 -0.0412  
    0.000 0.000 0.595 0.595 0.732  
    71 71 71 71 71  
          
AC     1.000 0.413 0.413 0.0102  
     0.000 0.000 0.000 0.932  
     71 71 71 71  
          
log AC      0.413 0.413 0.0102  
      0.000 0.000 0.932  
      71 71 71  
          
AC/TC       1.000 0.0390  
       0.000 0.746  
       71 71  
 
          
 Water temp (deg C)Conductivity (uS/cm) precip (72H) FC 0/1 precip 0/1schewed delta temp  
 
FC 0.512 -0.0308 0.134 0.862 0.154 0.153  
 0.000 0.798 0.263 0.000 0.200 0.202  
 71 71 71 71 71 71  
        
log FC 0.512 -0.0308 0.134 0.862 0.154 0.153  
 0.000 0.798 0.263 0.000 0.200 0.202  
 71 71 71 71 71 71  
        
TC 0.571 -0.251 0.334 0.552 0.261 0.111  
 0.000 0.0349 0.00460 0.000 0.0284 0.356  
 71 71 71 71 71 71  
        
log TC 0.571 -0.251 0.334 0.552 0.261 0.111  
 0.000 0.0349 0.00460 0.000 0.0284 0.356  
 71 71 71 71 71 71  
        
AC 0.632 -0.213 0.269 0.463 0.211 0.185  
 0.000 0.0739 0.0237 0.000 0.0778 0.121  
 71 71 71 71 71 71  
        
log AC 0.632 -0.213 0.269 0.463 0.211 0.185  
 0.000 0.0739 0.0237 0.000 0.0778 0.121  
 71 71 71 71 71 71  
        
AC/TC 0.245 0.000143 -0.114 -0.0981 -0.155 0.0772  
 0.0396 0.999 0.341 0.415 0.196 0.521  
 71 71 71 71 71 71  
        
log AC/TC 0.245 0.000143 -0.114 -0.0981 -0.155 0.0772  
 0.0396 0.999 0.341 0.415 0.196 0.521  
 71 71 71 71 71 71  
        
 
 
 
pH 0.0253 0.190 -0.114 0.0166 -0.124 -0.146  
 0.833 0.113 0.342 0.890 0.302 0.225  
 71 71 71 71 71 71  
        
Water temp (deg C)  -0.105 -0.0482 0.392 0.0166 0.176  
  0.381 0.689 0.000 0.890 0.141  
  71 71 71 71 71  
        
Conductivity (uS/cm)   -0.252 0.00967 -0.243 0.210  
   0.0345 0.936 0.0417 0.0792  
   71 71 71 71  
        
precip (72H)    0.146 0.897 0.104  
    0.225 0.000 0.388  
    71 71 71  
        
FC 0/1     0.113 0.139  
     0.349 0.247  
     71 71  
        
precip 0/1      0.135  
      0.260  
      71  
        
schewed delta temp        
        
        
        
 
 
The pair(s) of variables with positive correlation coefficients and P values below 0.050 tend to increase together. For the pairs with negative correlation 
coefficients and P values below 0.050, one variable tends to decrease while the other increases. For pairs with P values greater than 0.050, there is no significant 
relationship between the two variables. 
 
 
 
 
Multiple Logistic Regression Thursday, February 21, 2008, 11:55:55 AM 
 
Data source: Data 1 in models.SNB 
 
Logit P = -8.024 + (0.524 * Water temp (deg C)) + (0.0693 * schewed delta temp) + (1.440 * precip (72H))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 71 
 
 
Pearson Chi-square Statistic: 65.609 (P = 0.490) 
Likelihood Ratio Test Statistic: 17.166 (P = <0.001) 
-2*Log(Likelihood) = 80.570  
Hosmer-Lemeshow Statistic:  5.105 (P = 0.746) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 20 12 32  
Actual Positive Responses 12 27 39  
Totals 32 39 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -8.024 2.506 10.250 0.001   
Water temp (deg C) 0.524 0.170 9.482 0.002   
schewed delta temp 0.0693 0.148 0.220 0.639   
precip (72H) 1.440 0.752 3.670 0.055   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000327 0.00000241 0.0445  
Water temp (deg C) 1.689 1.210 2.357  
schewed delta temp 1.072 0.802 1.432  
precip (72H) 4.220 0.967 18.414  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 102
Multiple Logistic Regression Thursday, February 21, 2008, 11:57:28 AM 
 
Data source: Data 1 in models.SNB 
 
Logit P = -1.129 + (0.000324 * TC) + (0.0000119 * AC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 71 
 
 
Pearson Chi-square Statistic: 57.540 (P = 0.788) 
Likelihood Ratio Test Statistic: 27.592 (P = <0.001) 
-2*Log(Likelihood) = 70.144  
Hosmer-Lemeshow Statistic:  8.661 (P = 0.372) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 28 4 32  
Actual Positive Responses 15 24 39  
Totals 43 28 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -1.129 0.399 8.021 0.005   
TC 0.000324 0.000181 3.217 0.073   
AC 0.0000119 0.0000121 0.972 0.324   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.323 0.148 0.706  
TC 1.000 1.000 1.001  
AC 1.000 1.000 1.000  
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Multiple Logistic Regression Thursday, February 21, 2008, 11:59:34 AM 
 
Data source: Data 1 in models.SNB 
 
Logit P = -0.543 + (0.139 * schewed delta temp) + (1.164 * precip (72H))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 64 
 
 
Pearson Chi-square Statistic: 68.647 (P = 0.421) 
Likelihood Ratio Test Statistic: 6.010 (P = 0.050) 
-2*Log(Likelihood) = 91.726  
Hosmer-Lemeshow Statistic:  13.832 (P = 0.086) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 15 17 32  
Actual Positive Responses 13 26 39  
Totals 28 43 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -0.543 0.499 1.185 0.276   
schewed delta temp 0.139 0.136 1.051 0.305   
precip (72H) 1.164 0.651 3.198 0.074   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.581 0.218 1.545  
schewed delta temp 1.150 0.881 1.501  
precip (72H) 3.203 0.894 11.472  
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Multiple Logistic Regression Thursday, February 21, 2008, 12:00:44 PM 
 
Data source: Data 1 in models.SNB 
 
Logit P = -8.569 + (0.000623 * Conductivity (uS/cm)) + (0.533 * Water temp (deg C)) + (1.482 * precip 
(72H)) + (0.0590 * schewed delta temp)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 71 
 
 
Pearson Chi-square Statistic: 65.463 (P = 0.461) 
Likelihood Ratio Test Statistic: 17.200 (P = 0.002) 
-2*Log(Likelihood) = 80.536  
Hosmer-Lemeshow Statistic:  7.179 (P = 0.517) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 19 13 32  
Actual Positive Responses 12 27 39  
Totals 31 40 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -8.569 3.898 4.832 0.028   
Conductivity (uS/cm) 0.000623 0.00338 0.0340 0.854   
Water temp (deg C) 0.533 0.179 8.914 0.003   
precip (72H) 1.482 0.793 3.497 0.061   
schewed delta temp 0.0590 0.158 0.139 0.709   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000190 0.0000000913 0.395  
Conductivity (uS/cm) 1.001 0.994 1.007  
Water temp (deg C) 1.705 1.201 2.420  
precip (72H) 4.404 0.931 20.824  
schewed delta temp 1.061 0.778 1.446  
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Multiple Logistic Regression Thursday, February 21, 2008, 12:02:19 PM 
 
Data source: Data 1 in models.SNB 
 
Logit P = -0.543 + (0.139 * schewed delta temp) + (1.164 * precip (72H))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 64 
 
 
Pearson Chi-square Statistic: 68.647 (P = 0.421) 
Likelihood Ratio Test Statistic: 6.010 (P = 0.050) 
-2*Log(Likelihood) = 91.726  
Hosmer-Lemeshow Statistic:  13.832 (P = 0.086) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 15 17 32  
Actual Positive Responses 13 26 39  
Totals 28 43 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -0.543 0.499 1.185 0.276   
schewed delta temp 0.139 0.136 1.051 0.305   
precip (72H) 1.164 0.651 3.198 0.074   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.581 0.218 1.545  
schewed delta temp 1.150 0.881 1.501  
precip (72H) 3.203 0.894 11.472  
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Multiple Logistic Regression Thursday, February 21, 2008, 12:03:33 PM 
 
Data source: Data 1 in models.SNB 
 
Logit P = -7.989 + (0.535 * Water temp (deg C)) + (1.466 * precip (72H))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 61 
 
 
Pearson Chi-square Statistic: 65.729 (P = 0.521) 
Likelihood Ratio Test Statistic: 16.946 (P = <0.001) 
-2*Log(Likelihood) = 80.790  
Hosmer-Lemeshow Statistic:  8.173 (P = 0.417) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 21 11 32  
Actual Positive Responses 12 27 39  
Totals 33 38 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -7.989 2.500 10.214 0.001   
Water temp (deg C) 0.535 0.169 10.094 0.001   
precip (72H) 1.466 0.765 3.671 0.055   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000339 0.00000253 0.0455  
Water temp (deg C) 1.708 1.228 2.377  
precip (72H) 4.330 0.967 19.393  
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Multiple Logistic Regression Thursday, October 18, 2007, 3:55:49 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -0.0722 + (1.169 * precip (72H)) - (0.0539 * log AC/TC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 70 
 
 
Pearson Chi-square Statistic: 68.395 (P = 0.430) 
Likelihood Ratio Test Statistic: 4.953 (P = 0.084) 
-2*Log(Likelihood) = 92.783  
Hosmer-Lemeshow Statistic:  6.717 (P = 0.567) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 19 13 32  
Actual Positive Responses 18 21 39  
Totals 37 34 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -0.0722 0.604 0.0143 0.905   
precip (72H) 1.169 0.672 3.023 0.082   
log AC/TC -0.0539 0.534 0.0102 0.920   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.930 0.285 3.037  
precip (72H) 3.219 0.862 12.023  
log AC/TC 0.948 0.332 2.701  
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Multiple Logistic Regression Thursday, October 18, 2007, 3:59:03 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = 0.341 - (0.148 * log AC/TC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 70 
 
 
Pearson Chi-square Statistic: 70.990 (P = 0.378) 
Likelihood Ratio Test Statistic: 0.0791 (P = 0.778) 
-2*Log(Likelihood) = 97.657  
Hosmer-Lemeshow Statistic:  12.340 (P = 0.137) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 0 32 32  
Actual Positive Responses 1 38 39  
Totals 1 70 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant 0.341 0.564 0.366 0.545   
log AC/TC -0.148 0.528 0.0790 0.779   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 1.407 0.466 4.251  
log AC/TC 0.862 0.306 2.427  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:03:48 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -0.126 + (1.175 * precip (72H))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 29 
 
 
Pearson Chi-square Statistic: 68.387 (P = 0.464) 
Likelihood Ratio Test Statistic: 4.942 (P = 0.026) 
-2*Log(Likelihood) = 92.793  
Hosmer-Lemeshow Statistic:  8.395 (P = 0.396) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 19 13 32  
Actual Positive Responses 18 21 39  
Totals 37 34 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -0.126 0.286 0.194 0.659   
precip (72H) 1.175 0.671 3.071 0.080   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.882 0.504 1.543  
precip (72H) 3.239 0.870 12.060  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:08:16 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -9.118 + (2.886 * log TC) - (0.0604 * precip (72H))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 69 
 
 
Pearson Chi-square Statistic: 60.525 (P = 0.699) 
Likelihood Ratio Test Statistic: 26.699 (P = <0.001) 
-2*Log(Likelihood) = 71.037  
Hosmer-Lemeshow Statistic:  7.003 (P = 0.536) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 25 7 32  
Actual Positive Responses 14 25 39  
Totals 39 32 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -9.118 2.657 11.780 <0.001   
log TC 2.886 0.861 11.243 <0.001   
precip (72H) -0.0604 0.813 0.00552 0.941   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000110 0.000000601 0.0200  
log TC 17.927 3.317 96.876  
precip (72H) 0.941 0.191 4.636  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:23:47 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -6.157 + (1.488 * log AC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 67 
 
 
Pearson Chi-square Statistic: 66.098 (P = 0.543) 
Likelihood Ratio Test Statistic: 16.483 (P = <0.001) 
-2*Log(Likelihood) = 81.252  
Hosmer-Lemeshow Statistic:  12.574 (P = 0.127) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 20 12 32  
Actual Positive Responses 12 27 39  
Totals 32 39 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -6.157 1.857 10.989 <0.001   
log AC 1.488 0.436 11.647 <0.001   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.00212 0.0000556 0.0807  
log AC 4.430 1.884 10.416  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:25:42 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = 0.341 - (0.148 * log AC/TC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 70 
 
 
Pearson Chi-square Statistic: 70.990 (P = 0.378) 
Likelihood Ratio Test Statistic: 0.0791 (P = 0.778) 
-2*Log(Likelihood) = 97.657  
Hosmer-Lemeshow Statistic:  12.340 (P = 0.137) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 0 32 32  
Actual Positive Responses 1 38 39  
Totals 1 70 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant 0.341 0.564 0.366 0.545   
log AC/TC -0.148 0.528 0.0790 0.779   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 1.407 0.466 4.251  
log AC/TC 0.862 0.306 2.427  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:26:47 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -1.419 + (0.227 * pH)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 61 
 
 
Pearson Chi-square Statistic: 70.997 (P = 0.378) 
Likelihood Ratio Test Statistic: 0.0260 (P = 0.872) 
-2*Log(Likelihood) = 97.710  
Hosmer-Lemeshow Statistic:  6.947 (P = 0.542) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 0 32 32  
Actual Positive Responses 0 39 39  
Totals 0 71 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -1.419 10.023 0.0200 0.887   
pH 0.227 1.408 0.0260 0.872   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.242 0.000000000711 82356527.471  
pH 1.255 0.0795 19.804  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:27:55 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -6.830 + (0.482 * Water temp (deg C))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 40 
 
 
Pearson Chi-square Statistic: 69.702 (P = 0.420) 
Likelihood Ratio Test Statistic: 11.537 (P = <0.001) 
-2*Log(Likelihood) = 86.199  
Hosmer-Lemeshow Statistic:  3.798 (P = 0.875) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 20 12 32  
Actual Positive Responses 13 26 39  
Totals 33 38 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -6.830 2.231 9.373 0.002   
Water temp (deg C) 0.482 0.153 9.914 0.002   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.00108 0.0000136 0.0857  
Water temp (deg C) 1.619 1.199 2.184  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:28:37 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = 1.982 - (0.00261 * Conductivity (uS/cm))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 63 
 
 
Pearson Chi-square Statistic: 70.861 (P = 0.382) 
Likelihood Ratio Test Statistic: 0.967 (P = 0.325) 
-2*Log(Likelihood) = 96.769  
Hosmer-Lemeshow Statistic:  12.195 (P = 0.143) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 4 28 32  
Actual Positive Responses 6 33 39  
Totals 10 61 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant 1.982 1.866 1.128 0.288   
Conductivity (uS/cm) -0.00261 0.00271 0.929 0.335   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 7.257 0.187 281.181  
Conductivity (uS/cm) 0.997 0.992 1.003  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:31:01 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -0.126 + (1.175 * precip (72H))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 29 
 
 
Pearson Chi-square Statistic: 68.387 (P = 0.464) 
Likelihood Ratio Test Statistic: 4.942 (P = 0.026) 
-2*Log(Likelihood) = 92.793  
Hosmer-Lemeshow Statistic:  8.395 (P = 0.396) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 19 13 32  
Actual Positive Responses 18 21 39  
Totals 37 34 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -0.126 0.286 0.194 0.659   
precip (72H) 1.175 0.671 3.071 0.080   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.882 0.504 1.543  
precip (72H) 3.239 0.870 12.060  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:33:46 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -0.976 + (0.0000368 * AC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 67 
 
 
Pearson Chi-square Statistic: 59.527 (P = 0.758) 
Likelihood Ratio Test Statistic: 23.193 (P = <0.001) 
-2*Log(Likelihood) = 74.543  
Hosmer-Lemeshow Statistic:  6.619 (P = 0.578) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 25 7 32  
Actual Positive Responses 14 25 39  
Totals 39 32 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -0.976 0.392 6.208 0.013   
AC 0.0000368 0.0000123 8.981 0.003   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.377 0.175 0.812  
AC 1.000 1.000 1.000  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:35:29 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -10.299 + (0.152 * precip (72H)) + (0.163 * Water temp (deg C)) + (2.502 * log TC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 71 
 
 
Pearson Chi-square Statistic: 61.119 (P = 0.647) 
Likelihood Ratio Test Statistic: 27.341 (P = <0.001) 
-2*Log(Likelihood) = 70.395  
Hosmer-Lemeshow Statistic:  8.711 (P = 0.367) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 25 7 32  
Actual Positive Responses 13 26 39  
Totals 38 33 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -10.299 3.039 11.484 <0.001   
precip (72H) 0.152 0.880 0.0297 0.863   
Water temp (deg C) 0.163 0.204 0.634 0.426   
log TC 2.502 0.954 6.878 0.009   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.0000337 0.0000000871 0.0130  
precip (72H) 1.164 0.207 6.534  
Water temp (deg C) 1.177 0.788 1.757  
log TC 12.206 1.882 79.171  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:36:09 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -7.989 + (0.535 * Water temp (deg C)) + (1.466 * precip (72H))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 61 
 
 
Pearson Chi-square Statistic: 65.729 (P = 0.521) 
Likelihood Ratio Test Statistic: 16.946 (P = <0.001) 
-2*Log(Likelihood) = 80.790  
Hosmer-Lemeshow Statistic:  8.173 (P = 0.417) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 21 11 32  
Actual Positive Responses 12 27 39  
Totals 33 38 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -7.989 2.500 10.214 0.001   
Water temp (deg C) 0.535 0.169 10.094 0.001   
precip (72H) 1.466 0.765 3.671 0.055   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000339 0.00000253 0.0455  
Water temp (deg C) 1.708 1.228 2.377  
precip (72H) 4.330 0.967 19.393  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:36:49 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -7.796 + (2.376 * log TC) + (0.00000807 * AC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 71 
 
 
Pearson Chi-square Statistic: 57.896 (P = 0.778) 
Likelihood Ratio Test Statistic: 29.142 (P = <0.001) 
-2*Log(Likelihood) = 68.594  
Hosmer-Lemeshow Statistic:  5.594 (P = 0.693) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 25 7 32  
Actual Positive Responses 14 25 39  
Totals 39 32 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -7.796 2.793 7.790 0.005   
log TC 2.376 0.921 6.655 0.010   
AC 0.00000807 0.00000920 0.769 0.381   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000412 0.00000173 0.0982  
log TC 10.763 1.770 65.452  
AC 1.000 1.000 1.000  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:39:21 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -7.733 + (0.00442 * AC/TC) + (0.512 * Water temp (deg C)) + (1.505 * precip (72H))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 71 
 
 
Pearson Chi-square Statistic: 65.079 (P = 0.509) 
Likelihood Ratio Test Statistic: 17.511 (P = <0.001) 
-2*Log(Likelihood) = 80.225  
Hosmer-Lemeshow Statistic:  7.328 (P = 0.502) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 20 12 32  
Actual Positive Responses 12 27 39  
Totals 32 39 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -7.733 2.509 9.496 0.002   
AC/TC 0.00442 0.00786 0.317 0.574   
Water temp (deg C) 0.512 0.171 9.004 0.003   
precip (72H) 1.505 0.774 3.781 0.052   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000438 0.00000321 0.0599  
AC/TC 1.004 0.989 1.020  
Water temp (deg C) 1.668 1.194 2.330  
precip (72H) 4.503 0.988 20.519  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:39:55 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = 0.0744 + (0.00732 * AC/TC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 70 
 
 
Pearson Chi-square Statistic: 70.001 (P = 0.410) 
Likelihood Ratio Test Statistic: 1.368 (P = 0.242) 
-2*Log(Likelihood) = 96.368  
Hosmer-Lemeshow Statistic:  13.326 (P = 0.101) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 0 32 32  
Actual Positive Responses 0 39 39  
Totals 0 71 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant 0.0744 0.275 0.0731 0.787   
AC/TC 0.00732 0.00990 0.546 0.460   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 1.077 0.628 1.848  
AC/TC 1.007 0.988 1.027  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:40:41 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = 0.341 - (0.148 * log AC/TC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 70 
 
 
Pearson Chi-square Statistic: 70.990 (P = 0.378) 
Likelihood Ratio Test Statistic: 0.0791 (P = 0.778) 
-2*Log(Likelihood) = 97.657  
Hosmer-Lemeshow Statistic:  12.340 (P = 0.137) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 0 32 32  
Actual Positive Responses 1 38 39  
Totals 1 70 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant 0.341 0.564 0.366 0.545   
log AC/TC -0.148 0.528 0.0790 0.779   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 1.407 0.466 4.251  
log AC/TC 0.862 0.306 2.427  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:41:43 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -8.420 + (0.158 * precip (72H)) + (0.0806 * Water temp (deg C)) + (0.00000738 * AC) + (2.202 
* log TC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 71 
 
 
Pearson Chi-square Statistic: 58.094 (P = 0.716) 
Likelihood Ratio Test Statistic: 29.291 (P = <0.001) 
-2*Log(Likelihood) = 68.445  
Hosmer-Lemeshow Statistic:  7.400 (P = 0.494) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 25 7 32  
Actual Positive Responses 14 25 39  
Totals 39 32 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -8.420 3.455 5.937 0.015   
precip (72H) 0.158 0.884 0.0322 0.858   
Water temp (deg C) 0.0806 0.214 0.142 0.707   
AC 0.00000738 0.00000897 0.676 0.411   
log TC 2.202 1.032 4.551 0.033   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000221 0.000000252 0.193  
precip (72H) 1.172 0.207 6.620  
Water temp (deg C) 1.084 0.712 1.649  
AC 1.000 1.000 1.000  
log TC 9.042 1.196 68.371  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:44:27 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -7.183 + (0.523 * precip 0/1) + (0.491 * Water temp (deg C))  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 51 
 
 
Pearson Chi-square Statistic: 68.357 (P = 0.431) 
Likelihood Ratio Test Statistic: 12.512 (P = 0.002) 
-2*Log(Likelihood) = 85.223  
Hosmer-Lemeshow Statistic:  9.111 (P = 0.333) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 21 11 32  
Actual Positive Responses 11 28 39  
Totals 32 39 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -7.183 2.308 9.685 0.002   
precip 0/1 0.523 0.533 0.962 0.327   
Water temp (deg C) 0.491 0.156 9.891 0.002   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000759 0.00000824 0.0700  
precip 0/1 1.687 0.593 4.798  
Water temp (deg C) 1.634 1.203 2.218  
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Multiple Logistic Regression Thursday, October 18, 2007, 4:46:37 PM 
 
Data source: Data 1 in Notebook 2 
 
Logit P = -8.485 - (0.260 * precip 0/1) + (0.0531 * Water temp (deg C)) + (0.00000743 * AC) + (2.387 * 
log TC)  
 
N  = 71.000  
Estimation Criterion: Maximum likelihood 
Dependent Variable: FC 0/1  
 Positive response (1):   1 
 Reference response (0):   0 
Number of unique independent variable combinations: 71 
 
 
Pearson Chi-square Statistic: 58.058 (P = 0.717) 
Likelihood Ratio Test Statistic: 29.417 (P = <0.001) 
-2*Log(Likelihood) = 68.319  
Hosmer-Lemeshow Statistic:  6.244 (P = 0.620) 
 
Threshold probability for positive classification: 0.500  
Classification Table: 
  Predicted Reference Predicted Positive Totals  
Actual Reference Responses 25 7 32  
Actual Positive Responses 14 25 39  
Totals 39 32 71  
 
 
Details of the Logistic Regression Equation 
 
Ind. Variable Coefficient Standard Error Wald Statistic P value   
Constant -8.485 3.478 5.953 0.015   
precip 0/1 -0.260 0.657 0.157 0.692   
Water temp (deg C) 0.0531 0.209 0.0648 0.799   
AC 0.00000743 0.00000931 0.636 0.425   
log TC 2.387 0.999 5.710 0.017   
 
 
Ind. Variable Odds Ratio 5% Conf. Lower 95% Conf. Upper  
Constant 0.000207 0.000000226 0.188  
precip 0/1 0.771 0.212 2.796  
Water temp (deg C) 1.055 0.701 1.587  
AC 1.000 1.000 1.000  
log TC 10.883 1.536 77.107  
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Appendix E     Mass recovery calculations of comparative storm flow tracers.
Table E.1     July 11, 2006, storm-flow bromide mass recovery calculations according to standard methods (USEPA 1988).
DATE Time Trace Time
Samples 
number
Bromide 
(mg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample 
increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummualtive % 
mass recovery
7/11/2006 11:40 0:00:00 0 0 254.99594 0 0
7/11/2006 13:55 2:15:00 0 0 200 0 0 0
7/11/2006 14:00 2:20:00 1 2.42 170.03 411.35 246.81 246.81 5.30%
7/11/2006 14:10 2:30:00 2 4.36 165.75 723.44 434.06 680.87 14.63%
7/11/2006 14:20 2:40:00 3 4.67 161.37 754.40 452.64 1133.51 24.35%
7/11/2006 14:30 2:50:00 4 3.96 156.79 620.63 372.38 1505.89 32.35%
7/11/2006 14:40 3:00:00 5 3.01 152.83 460.57 276.34 1782.23 38.29%
7/11/2006 14:50 3:10:00 6 2.09 150.25 314.38 188.63 1970.86 42.34%
7/11/2006 15:00 3:20:00 7 1.56 147.71 229.79 137.87 2108.73 45.31%
7/11/2006 15:10 3:30:00 8 1.08 144.40 155.59 93.36 2202.08 47.31%
7/11/2006 15:20 3:40:00 9 0.81 141.25 114.67 68.80 2270.89 48.79%
7/11/2006 15:30 3:50:00 10 0.62 139.04 85.94 51.56 2322.45 49.90%
7/11/2006 15:40 4:00:00 11 0.48 137.36 65.93 39.56 2362.01 50.75%
7/11/2006 15:50 4:10:00 12 0.39 134.79 52.33 21.98 2383.99 51.22%
7/11/2006 16:00 4:20:00 13 0.33 133.26 43.66 7.86 2391.84 51.39%
7/11/2006 16:10 4:30:00 14 0.27 131.74 36.10 10.83 2402.67 51.62%
7/11/2006 16:20 4:40:00 15 0.24 129.73 30.68 9.20 2411.88 51.82%
7/11/2006 16:30 4:50:00 16 0.22 129.47 27.94 8.38 2420.26 52.00%
7/11/2006 16:40 5:00:00 17 0.22 128.10 27.68 8.30 2428.56 52.18%
7/11/2006 16:50 5:10:00 18 0.19 126.72 23.65 7.09 2435.66 52.33%
7/11/2006 17:00 5:20:00 19 0.18 125.86 22.86 6.86 2442.51 52.48%
7/11/2006 17:10 5:30:00 20 0.17 125.00 21.05 6.31 2448.83 52.61%
7/11/2006 17:20 5:40:00 21 124.02 0.00 0.00 2448.83 52.61%
7/11/2006 17:30 5:50:00 22 122.80 0.00 0.00 2448.83 52.61%
7/11/2006 17:40 6:00:00 23 121.94 0.00 0.00 2448.83 52.61%
Table E.1     continued
DATE Time Trace Time
Samples 
number
Bromide 
(mg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample 
increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummualtive % 
mass recovery
7/11/2006 17:50 6:10:00 24 120.25 0.00 0.00 2448.83 52.61%
7/11/2006 18:30 6:40:00 25 0 119.05 0 0 2448.83 52.61%
7/11/2006 19:00 7:10:00 26 117.61 0 0 2448.83 52.61%
7/11/2006 19:30 7:40:00 27 116.18 0 0 2448.83 52.61%
7/11/2006 20:00 8:10:00 28 115.10 0 0 2448.83 52.61%
7/11/2006 20:30 8:40:00 29 118.30 0 0 2448.83 52.61%
7/11/2006 21:00 9:10:00 30 0 228.22 0 0 2448.83 52.61%
7/11/2006 21:30 9:40:00 31 228.31 0 0 2448.83 52.61%
7/11/2006 22:00 10:10:00 32 194.25 0 0 2448.83 52.61%
7/11/2006 22:30 10:40:00 33 245.10 0 0 2448.83 52.61%
7/11/2006 23:00 11:10:00 34 257.15 0 0 2448.83 52.61%
7/11/2006 23:30 11:40:00 35 0 261.93 0 0 2448.83 52.61%
7/12/2006 0:00 12:10:00 36 258.57 0 0 2448.83 52.61%
7/12/2006 0:30 12:40:00 37 250.63 0 0 2448.83 52.61%
7/12/2006 1:00 13:10:00 38 238.04 0 0 2448.83 52.61%
7/12/2006 1:30 13:40:00 39 221.87 0 0 2448.83 52.61%
7/12/2006 2:00 14:10:00 40 0 205.92 0 0 2448.83 52.61%
7/12/2006 2:30 14:40:00 41 192.87 0 0 2448.83 52.61%
7/12/2006 3:00 15:10:00 42 180.53 0 0 2448.83 52.61%
7/12/2006 3:30 15:40:00 43 169.47 0 0 2448.83 52.61%
7/12/2006 4:00 16:10:00 44 160.14 0 0 2448.83 52.61%
7/12/2006 4:30 16:40:00 45 0 153.94 0 0 2448.83 52.61%
7/12/2006 5:00 17:10:00 46 148.92 0 0 2448.83 52.61%
7/12/2006 5:30 17:40:00 47 144.65 0 0 2448.83 52.61%
7/12/2006 6:00 18:10:00 48 141.62 0 0 2448.83 52.61%
7/12/2006 10:00 22:10:00 49 128.66 0 0 2448.83 52.61%
7/12/2006 11:00 23:10:00 50 0 126.32 0 0 2448.83 52.61%
7/12/2006 12:00 24:10:00 51 124.11 0 0 2448.83 52.61%
Table E.1     continued
DATE Time Trace Time
Samples 
number
Bromide 
(mg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample 
increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummualtive % 
mass recovery
7/12/2006 13:00 25:10:00 52 122.91 0 0 2448.83 52.61%
7/12/2006 14:00 26:10:00 53 121.09 0 0 2448.83 52.61%
7/12/2006 15:00 27:10:00 54 400.90 0 0 2448.83 52.61%
7/12/2006 16:00 28:10:00 55 624.25
7/12/2006 17:00 29:10:00 56 503.88
7/12/2006 18:00 30:10:00 57 437.94
7/12/2006 19:00 31:10:00 58 392.08
7/12/2006 20:00 32:10:00 59 355.13
7/12/2006 21:00 33:10:00 60 316.76
7/12/2006 22:00 34:10:00 61 278.52
7/12/2006 23:00 35:10:00 62 235.18
7/13/2006 0:00 36:10:00 63 207.68
7/13/2006 1:00 37:10:00 64 192.73
7/13/2006 2:00 38:10:00 65 182.47
7/13/2006 3:00 39:10:00 66 174.09
7/13/2006 4:00 40:10:00 67 168.62
7/13/2006 5:00 41:10:00 68 164.21
7/13/2006 6:00 42:10:00 69 160.71
7/13/2006 7:00 43:10:00 70 158.50
7/13/2006 8:00 44:10:00 71 222.26
7/13/2006 9:00 45:10:00 72 208.96
7/18/2006 10:00 164:10:00 73 210.24
8/2/2006 13:00 337:10:00 74 80.79
8/9/2006 10:30 500:40:00 75 88.94
Table E.2   July 11, 2006, storm-flow rhodamine WT mass recovery calculations according to standard methods (USEPA 1988).
DATE Time Trace Time
Samples 
number
RWT 
(µg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample 
increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummualtive % 
mass recovery
7/11/2006 11:40 0:00:00 bkg 0.00 255.00 0.00 0.00
7/11/2006 14:00 2:20:00 1 33.40 170.03 5.68 3.41 3.41 5.72%
7/11/2006 14:10 2:30:00 2 56.39 165.75 9.35 5.61 9.02 15.15%
7/11/2006 14:20 2:40:00 3 60.76 161.37 9.81 5.88 14.90 25.03%
7/11/2006 14:30 2:50:00 4 45.25 156.79 7.09 4.26 19.15 32.18%
7/11/2006 14:40 3:00:00 5 32.23 152.83 4.93 2.96 22.11 37.15%
7/11/2006 14:50 3:10:00 6 28.22 150.25 4.24 2.54 24.65 41.42%
7/11/2006 15:00 3:20:00 7 17.28 147.71 2.55 1.53 26.19 43.99%
7/11/2006 15:10 3:30:00 8 13.99 144.40 2.02 1.21 27.40 46.03%
7/11/2006 15:20 3:40:00 9 11.37 141.25 1.61 0.96 28.36 47.65%
7/11/2006 15:30 3:50:00 10 8.01 139.04 1.11 0.67 29.03 48.77%
7/11/2006 15:40 4:00:00 11 6.38 137.36 0.88 0.53 29.56 49.65%
7/11/2006 15:50 4:10:00 12 4.76 134.79 0.64 0.38 29.94 50.30%
7/11/2006 16:00 4:20:00 13 3.67 133.26 0.49 0.29 30.23 50.79%
7/11/2006 16:10 4:30:00 14 2.52 131.74 0.33 0.20 30.43 51.13%
7/11/2006 16:20 4:40:00 15 2.55 129.73 0.33 0.20 30.63 51.46%
7/11/2006 16:30 4:50:00 16 1.90 129.47 0.25 0.15 30.78 51.71%
7/11/2006 16:40 5:00:00 17 1.63 128.10 0.21 0.13 30.90 51.92%
7/11/2006 16:50 5:10:00 18 1.33 126.72 0.17 0.10 31.01 52.09%
7/11/2006 17:00 5:20:00 19 1.47 125.86 0.19 0.11 31.12 52.28%
7/11/2006 17:10 5:30:00 20 1.21 125.00 0.15 0.09 31.21 52.43%
7/11/2006 17:20 5:40:00 21 1.22 124.02 0.15 0.09 31.30 52.58%
7/11/2006 17:30 5:50:00 22 1.06 122.80 0.13 0.08 31.38 52.71%
7/11/2006 17:40 6:00:00 23 1.08 121.94 0.13 0.08 31.46 52.84%
7/11/2006 17:50 6:10:00 24 0.97 120.25 0.12 0.07 31.52 52.96%
7/11/2006 18:30 6:40:00 25 0.85 119.05 0.10 0.24 31.77 53.37%
7/11/2006 19:00 7:10:00 26 0.72 117.61 0.08 0.15 31.92 53.62%
Table E.2     continued
DATE Time Trace Time
Samples 
number
RWT 
(µg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample 
increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummualtive % 
mass recovery
7/11/2006 19:30 7:40:00 27 0.75 116.18 0.09 0.16 32.08 53.89%
7/11/2006 20:00 8:10:00 28 0.57 115.10 0.07 0.12 32.19 54.09%
7/11/2006 20:30 8:40:00 29 0.47 118.30 0.06 0.10 32.30 54.26%
7/11/2006 21:00 9:10:00 30 0.41 228.22 0.09 0.17 32.46 54.54%
7/11/2006 21:30 9:40:00 31 0.43 228.31 0.10 0.18 32.64 54.83%
7/11/2006 22:00 10:10:00 32 0.31 194.25 0.06 0.11 32.75 55.02%
7/11/2006 22:30 10:40:00 33 0.25 245.10 0.06 0.11 32.86 55.20%
7/11/2006 23:00 11:10:00 34 0.28 257.15 0.07 0.13 32.99 55.42%
7/11/2006 23:30 11:40:00 35 0.30 261.93 0.08 0.14 33.13 55.66%
7/12/2006 0:00 12:10:00 36 0.53 258.57 0.14 0.25 33.37 56.07%
7/12/2006 0:30 12:40:00 37 0.19 250.63 0.05 0.09 33.46 56.22%
7/12/2006 1:00 13:10:00 38 0.32 238.04 0.08 0.14 33.60 56.45%
7/12/2006 1:30 13:40:00 39 0.19 221.87 0.04 0.08 33.68 56.58%
7/12/2006 2:00 14:10:00 40 0.15 205.92 0.03 0.05 33.73 56.67%
7/12/2006 2:30 14:40:00 41 0.00 192.87 0.00 0.00 33.73 56.67%
7/12/2006 3:00 15:10:00 42 0.00 180.53 0.00 0.00 33.73 56.67%
7/12/2006 3:30 15:40:00 43 0.00 169.47 0.00 0.00 33.73 56.67%
7/12/2006 4:00 16:10:00 44 0.00 160.14 0.00 0.00 33.73 56.67%
7/12/2006 4:30 16:40:00 45 0.00 153.94 0.00 0.00 33.73 56.67%
7/12/2006 5:00 17:10:00 46 0.00 148.92 0.00 0.00 33.73 56.67%
7/12/2006 5:30 17:40:00 47 0.00 144.65 0.00 0.00 33.73 56.67%
7/12/2006 6:00 18:10:00 48 0.00 141.62 0.00 0.00 33.73 56.67%
7/12/2006 10:00 22:10:00 49 0.00 128.66 0.00 0.00 33.73 56.67%
7/12/2006 11:00 23:10:00 50 0.00 126.32 0.00 0.00 33.73 56.67%
7/12/2006 12:00 24:10:00 51 0.00 124.11 0.00 0.00 33.73 56.67%
7/12/2006 13:00 25:10:00 52 0.00 122.91 0.00 0.00 33.73 56.67%
7/12/2006 14:00 26:10:00 53 0.00 121.09 0.00 0.00 33.73 56.67%
Table E.2     continued
DATE Time Trace Time
Samples 
number
RWT 
(µg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample 
increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummualtive % 
mass recovery
7/12/2006 15:00 27:10:00 54 0.00 400.90 0.00 0.00 33.73 56.67%
7/12/2006 16:00 28:10:00 55 624.25
7/12/2006 17:00 29:10:00 56 503.88
7/12/2006 18:00 30:10:00 57 437.94
7/12/2006 19:00 31:10:00 58 392.08
7/12/2006 20:00 32:10:00 59 355.13
7/12/2006 21:00 33:10:00 60 316.76
7/12/2006 22:00 34:10:00 61 278.52
7/12/2006 23:00 35:10:00 62 235.18
7/13/2006 0:00 36:10:00 63 207.68
7/13/2006 1:00 37:10:00 64 192.73
7/13/2006 2:00 38:10:00 65 182.47
7/13/2006 3:00 39:10:00 66 174.09
7/13/2006 4:00 40:10:00 67 168.62
7/13/2006 5:00 41:10:00 68 164.21
7/13/2006 6:00 42:10:00 69 160.71
7/13/2006 7:00 43:10:00 70 158.50
7/13/2006 8:00 44:10:00 71 222.26
7/13/2006 9:00 45:10:00 72 208.96
7/18/2006 10:00 164:10:00 73 210.24
8/2/2006 13:00 337:10:00 74 80.79
8/9/2006 10:30 500:40:00 75 88.94
Table E.3     July 11, 2006, storm-flow microsphere mass recovery.
Date Time trace time Samples
# of spheres 
recovered mL of sample spheres/L
discharge 
(L/sec) spheres/sec total sphere flux
7/11/2006 11:40 0:00:00 bkg 0 100 0 255.00 0.00E+00
7/11/2006 14:00 2:20:00 1 0 100 0 170.03 0.00E+00 0.00E+00
7/11/2006 14:10 2:30:00 2 0 100 0 165.75 0.00E+00 0.00E+00
7/11/2006 14:20 2:40:00 3 5774 10 577400 161.37 9.32E+07 5.59E+10
7/11/2006 14:30 2:50:00 4 2115 10 211500 156.79 3.32E+07 1.99E+10
7/11/2006 14:40 3:00:00 5 1243 10 124300 152.83 1.90E+07 1.14E+10
7/11/2006 14:50 3:10:00 6 1476 10 147600 150.25 2.22E+07 1.33E+10
7/11/2006 15:00 3:20:00 7 1029 10 102900 147.71 1.52E+07 9.12E+09
7/11/2006 15:10 3:30:00 8 579 100 5790 144.40 8.36E+05 5.02E+08
7/11/2006 15:20 3:40:00 9 3036 100 30360 141.25 4.29E+06 2.57E+09
7/11/2006 15:30 3:50:00 10 291 100 2910 139.04 4.05E+05 2.43E+08
7/11/2006 15:40 4:00:00 11 126 100 1260 137.36 1.73E+05 1.04E+08
7/11/2006 15:50 4:10:00 12 296 100 2960 134.79 3.99E+05 2.39E+08
7/11/2006 16:00 4:20:00 13 304 100 3040 133.26 4.05E+05 2.43E+08
7/11/2006 16:10 4:30:00 14 448 100 4480 131.74 5.90E+05 3.54E+08
7/11/2006 16:20 4:40:00 15 235 100 2350 129.73 3.05E+05 1.83E+08
7/11/2006 16:30 4:50:00 16 159 100 1590 129.47 2.06E+05 1.24E+08
7/11/2006 16:40 5:00:00 17 110 100 1100 128.10 1.41E+05 8.45E+07
7/11/2006 16:50 5:10:00 18 105 100 1050 126.72 1.33E+05 7.98E+07
7/11/2006 17:00 5:20:00 19 112 100 1120 125.86 1.41E+05 8.46E+07
7/11/2006 17:10 5:30:00 20 74 100 740 125.00 9.25E+04 5.55E+07
7/11/2006 17:20 5:40:00 21 105 100 1050 124.02 1.30E+05 7.81E+07
7/11/2006 17:30 5:50:00 22 77 100 770 122.80 9.46E+04 5.67E+07
7/11/2006 17:40 6:00:00 23 82 100 820 121.94 1.00E+05 6.00E+07
7/11/2006 17:50 6:10:00 24 33 100 330 120.25 3.97E+04 2.38E+07
7/11/2006 18:30 6:40:00 25 101 100 1010 119.05 1.20E+05 2.16E+08
7/11/2006 19:00 7:10:00 26 15 100 150 117.61 1.76E+04 3.18E+07
7/11/2006 19:30 7:40:00 27 23 100 230 116.18 2.67E+04 4.81E+07
7/11/2006 20:00 8:10:00 28 28 100 280 115.10 3.22E+04 5.80E+07
7/11/2006 20:30 8:40:00 29 60 100 600 118.30 7.10E+04 1.28E+08
Table E.3     continued
Date Time trace time Samples
# of spheres 
recovered mL of sample spheres/L
discharge 
(L/sec) spheres/sec total sphere flux
7/11/2006 21:00 9:10:00 30 43 100 430 228.22 9.81E+04 1.77E+08
7/11/2006 21:30 9:40:00 31 63 100 630 228.31 1.44E+05 2.59E+08
7/11/2006 22:00 10:10:00 32 90 100 900 194.25 1.75E+05 3.15E+08
7/11/2006 22:30 10:40:00 33 51 100 510 245.10 1.25E+05 2.25E+08
7/11/2006 23:00 11:10:00 34 76 100 760 257.15 1.95E+05 3.52E+08
7/11/2006 23:30 11:40:00 35 178 100 1780 261.93 4.66E+05 8.39E+08
7/12/2006 0:00 12:10:00 36 216 100 2160 258.57 5.59E+05 1.01E+09
7/12/2006 0:30 12:40:00 37 117 100 1170 250.63 2.93E+05 5.28E+08
7/12/2006 1:00 13:10:00 38 82 100 820 238.04 1.95E+05 3.51E+08
7/12/2006 1:30 13:40:00 39 43 100 430 221.87 9.54E+04 1.72E+08
7/12/2006 2:00 14:10:00 40 350 100 3500 205.92 7.21E+05 1.30E+09
7/12/2006 2:30 14:40:00 41 145 100 1450 192.87 2.80E+05 5.03E+08
7/12/2006 3:00 15:10:00 42 48 100 480 180.53 8.67E+04 1.56E+08
7/12/2006 3:30 15:40:00 43 94 100 940 169.47 1.59E+05 2.87E+08
7/12/2006 4:00 16:10:00 44 63 100 630 160.14 1.01E+05 1.82E+08
7/12/2006 4:30 16:40:00 45 97 100 970 153.94 1.49E+05 2.69E+08
7/12/2006 5:00 17:10:00 46 206 100 2060 148.92 3.07E+05 5.52E+08
7/12/2006 5:30 17:40:00 47 110 100 1100 144.65 1.59E+05 2.86E+08
7/12/2006 6:00 18:10:00 48 31 100 310 141.62 4.39E+04 7.90E+07
7/12/2006 10:00 22:10:00 49 23 100 230 128.66 2.96E+04 5.33E+07
7/12/2006 11:00 23:10:00 50 51 100 510 126.32 6.44E+04 1.16E+08
7/12/2006 12:00 24:10:00 51 28 100 280 124.11 3.47E+04 6.25E+07
7/12/2006 13:00 25:10:00 52 17 100 170 122.91 2.09E+04 3.76E+07
7/12/2006 14:00 26:10:00 53 10 100 100 121.09 1.21E+04 2.18E+07
7/12/2006 15:00 27:10:00 54 31 100 310 400.90 1.24E+05 2.24E+08
7/12/2006 16:00 28:10:00 55 928 10 92800 624.25 5.79E+07 1.04E+11
7/12/2006 17:00 29:10:00 56 179 10 17900 503.88 9.02E+06 1.62E+10
7/12/2006 18:00 30:10:00 57 163 100 1630 437.94 7.14E+05 1.28E+09
7/12/2006 19:00 31:10:00 58 276 100 2760 392.08 1.08E+06 1.95E+09
7/12/2006 20:00 32:10:00 59 202 100 2020 355.13 7.17E+05 1.29E+09
Table E.3     continued
Date Time trace time Samples
# of spheres 
recovered mL of sample spheres/L
discharge 
(L/sec) spheres/sec total sphere flux
7/12/2006 21:00 33:10:00 60 164 100 1640 316.76 5.19E+05 9.35E+08
7/12/2006 22:00 34:10:00 61 95 100 950 278.52 2.65E+05 4.76E+08
7/12/2006 23:00 35:10:00 62 63 100 630 235.18 1.48E+05 2.67E+08
7/13/2006 0:00 36:10:00 63 84 100 840 207.68 1.74E+05 6.28E+08
7/13/2006 1:00 37:10:00 64 29 100 290 192.73 5.59E+04 2.01E+08
7/13/2006 2:00 38:10:00 65 46 100 460 182.47 8.39E+04 3.02E+08
7/13/2006 3:00 39:10:00 66 25 100 250 174.09 4.35E+04 1.57E+08
7/13/2006 4:00 40:10:00 67 13 100 130 168.62 2.19E+04 7.89E+07
7/13/2006 5:00 41:10:00 68 10 100 100 164.21 1.64E+04 5.91E+07
7/13/2006 6:00 42:10:00 69 5 100 50 160.71 8.04E+03 2.89E+07
7/13/2006 7:00 43:10:00 70 6 100 60 158.50 9.51E+03 3.42E+07
7/13/2006 8:00 44:10:00 71 14 100 140 222.26 3.11E+04 1.12E+08
7/13/2006 9:00 45:10:00 72 11 100 110 208.96 2.30E+04 8.27E+07
7/17/2006 12:00 142:10:00 73 4 100 40 210.24 8.41E+03 3.03E+07
7/18/2006 10:00 164:10:00 74 9 100 90 80.79 7.27E+03 2.62E+07
8/2/2006 13:00 337:10:00 75 0 100 0 88.94 0.00E+00
8/9/2006 10:30 500:40:00 76 0 100 0 0.00E+00
total spheres introduced 3.75E+11
1st storm event % recovery 30.67
2nd storm event % recovery 2.22
3rd storm event % recovery 34.24
4th storm event % recovery 0.08
total recovery 67.20
Table E.4     April 1, 2007, storm-flow bromide mass recovery calculations according to standard methods (USEPA 1988).
Date Time Trace Time
Samples 
number
Bromide 
(mg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample 
increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummulative % 
mass recovery
4/1/2007 8:15 0:00:00 bkg 0.00 125.98 0.00 0.00
4/1/2007 9:00 0:45:00 1 0.55 158.23 87.61 52.57 52.57 0.97%
4/1/2007 9:10 0:55:00 2 4.31 155.47 670.28 402.17 454.74 8.37%
4/1/2007 9:20 1:05:00 3 3.94 152.33 600.33 360.20 814.94 14.99%
4/1/2007 9:30 1:15:00 4 2.71 146.27 396.39 237.84 1052.77 19.37%
4/1/2007 9:40 1:25:00 5 2.43 142.29 345.63 207.38 1260.15 23.18%
4/1/2007 9:50 1:35:00 6 1.12 137.99 154.53 92.72 1352.87 24.89%
4/1/2007 10:00 1:45:00 7 0.53 131.85 70.41 42.24 1395.12 25.67%
4/1/2007 10:10 1:55:00 8 0.32 127.08 40.97 24.58 1419.70 26.12%
4/1/2007 10:20 2:05:00 9 0.19 124.00 24.11 14.46 1434.16 26.39%
4/1/2007 10:30 2:15:00 10 0.17 121.92 20.37 12.22 1446.39 26.61%
4/1/2007 10:40 2:25:00 11 0.14 117.70 16.58 9.95 1456.34 26.79%
4/1/2007 10:50 2:35:00 12 0.12 114.26 13.94 5.85 1462.19 26.90%
4/1/2007 11:00 2:45:00 13 0.10 110.41 11.58 2.08 1464.28 26.94%
4/1/2007 11:10 2:55:00 14 0.00 106.40 0.00 0.00 1464.28 26.94%
4/1/2007 11:20 3:05:00 15 0.00 102.80 0.00 0.00 1464.28 26.94%
4/1/2007 11:30 3:15:00 16 0.00 99.57 0.00 0.00 1464.28 26.94%
4/1/2007 11:40 3:25:00 17 0.00 95.98 0.00 0.00 1464.28 26.94%
4/1/2007 11:50 3:35:00 18 0.00 92.98 0.00 0.00 1464.28 26.94%
4/1/2007 12:00 3:45:00 19 0.00 89.81 0.00 0.00 1464.28 26.94%
4/1/2007 12:10 3:55:00 20 0.00 87.53 0.00 0.00 1464.28 26.94%
4/1/2007 12:20 4:05:00 21 0.00 84.95 0.00 0.00 1464.28 26.94%
4/1/2007 12:30 4:15:00 22 0.00 83.62 0.00 0.00 1464.28 26.94%
4/1/2007 13:00 4:45:00 23 0.00 78.16 0.00 0.00 1464.28 26.94%
4/1/2007 13:30 5:15:00 24 0.00 74.59 0.00 0.00 1464.28 26.94%
4/1/2007 14:00 5:45:00 25 0.00 72.88 0.00 0.00 1464.28 26.94%
4/1/2007 14:30 6:15:00 26 0.00 70.37 0.00 0.00 1464.28 26.94%
4/1/2007 15:00 6:45:00 27 0.00 69.45 0.00 0.00 1464.28 26.94%
Table E.4     continued
Date Time Trace Time
Samples 
number
Bromide 
(mg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample 
increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummulative % 
mass recovery
4/1/2007 15:30 7:15:00 28 0.00 67.82 0.00 0.00 1464.28 26.94%
4/1/2007 16:00 7:45:00 29 0.00 67.37 0.00 0.00 1464.28 26.94%
4/1/2007 16:30 8:15:00 30 0.00 65.84 0.00 0.00 1464.28 26.94%
4/1/2007 17:00 8:45:00 31 0.00 65.39 0.00 0.00 1464.28 26.94%
4/1/2007 17:30 9:15:00 32 0.00 64.77 0.00 0.00 1464.28 26.94%
4/1/2007 18:00 9:45:00 33 0.00 64.07 0.00 0.00 1464.28 26.94%
4/1/2007 18:30 10:15:00 34 0.00 63.89 0.00 0.00 1464.28 26.94%
4/1/2007 20:00 11:45:00 35 0.00 62.82 0.00 0.00 1464.28 26.94%
4/1/2007 22:00 13:45:00 36 0.00 61.69 0.00 0.00 1464.28 26.94%
4/2/2007 0:00 15:45:00 37 0.00 60.56 0.00 0.00 1464.28 26.94%
4/2/2007 2:00 17:45:00 38 0.00 59.71 0.00 0.00 1464.28 26.94%
4/2/2007 4:00 19:45:00 39 0.00 58.62 0.00 0.00 1464.28 26.94%
4/2/2007 6:00 21:45:00 40 0.00 57.62 0.00 0.00 1464.28 26.94%
4/2/2007 8:00 23:45:00 41 0.00 56.71 0.00 0.00 1464.28 26.94%
4/2/2007 10:00 25:45:00 42 0.00 55.94 0.00 0.00 1464.28 26.94%
4/2/2007 12:00 27:45:00 43 0.00 57.49 0.00 0.00 1464.28 26.94%
4/2/2007 16:00 31:45:00 44 54.23 0.00 0.00 1464.28 26.94%
4/2/2007 20:00 35:45:00 45 53.06 0.00 0.00 1464.28 26.94%
4/3/2007 0:00 39:45:00 46 52.41 0.00 0.00 1464.28 26.94%
4/3/2007 4:00 43:45:00 47 51.43 0.00 0.00 1464.28 26.94%
4/3/2007 8:00 47:45:00 48 50.41 0.00 0.00 1464.28 26.94%
4/3/2007 12:00 51:45:00 49 49.15 0.00 0.00 1464.28 26.94%
4/3/2007 16:00 55:45:00 50 48.62 0.00 0.00 1464.28 26.94%
4/3/2007 20:00 59:45:00 51 72.80 0.00 0.00 1464.28 26.94%
4/3/2007 21:00 60:45:00 52 195.93 0.00 0.00 1464.28 26.94%
4/3/2007 22:00 61:45:00 53 276.41 0.00 0.00 1464.28 26.94%
4/3/2007 23:00 62:45:00 54 357.21 0.00 0.00 1464.28 26.94%
Table E.5   April 1, 2007, storm-flow rhodamine WT mass recovery calculations according to standard methods (USEPA 1988).
Date Time Trace Time
Samples 
number
RWT 
(µg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummulative % 
mass recovery
4/1/2007 8:15 0:00:00 bkg 0.00 125.98 0.00 0.00
4/1/2007 9:00 0:45:00 1 14.82 158.23 2.34 1.41 1.41 2.95%
4/1/2007 9:10 0:55:00 2 111.07 155.47 17.27 10.36 11.77 24.71%
4/1/2007 9:20 1:05:00 3 92.44 152.33 14.08 8.45 20.22 42.45%
4/1/2007 9:30 1:15:00 4 71.19 146.27 10.41 6.25 26.46 55.57%
4/1/2007 9:40 1:25:00 5 61.22 142.29 8.71 5.23 31.69 66.55%
4/1/2007 9:50 1:35:00 6 30.68 137.99 4.23 2.54 34.23 71.88%
4/1/2007 10:00 1:45:00 7 14.56 131.85 1.92 1.15 35.38 74.30%
4/1/2007 10:10 1:55:00 8 8.61 127.08 1.09 0.66 36.04 75.68%
4/1/2007 10:20 2:05:00 9 4.93 124.00 0.61 0.37 36.41 76.45%
4/1/2007 10:30 2:15:00 10 3.04 121.92 0.37 0.22 36.63 76.92%
4/1/2007 10:40 2:25:00 11 2.43 117.70 0.29 0.17 36.80 77.28%
4/1/2007 10:50 2:35:00 12 1.70 114.26 0.19 0.12 36.92 77.52%
4/1/2007 11:00 2:45:00 13 1.47 110.41 0.16 0.10 37.01 77.73%
4/1/2007 11:10 2:55:00 14 1.20 106.40 0.13 0.08 37.09 77.89%
4/1/2007 11:20 3:05:00 15 1.03 102.80 0.11 0.06 37.15 78.02%
4/1/2007 11:30 3:15:00 16 0.90 99.57 0.09 0.05 37.21 78.14%
4/1/2007 11:40 3:25:00 17 0.82 95.98 0.08 0.05 37.26 78.24%
4/1/2007 11:50 3:35:00 18 0.76 92.98 0.07 0.04 37.30 78.33%
4/1/2007 12:00 3:45:00 19 0.66 89.81 0.06 0.04 37.33 78.40%
4/1/2007 12:10 3:55:00 20 0.59 87.53 0.05 0.03 37.36 78.47%
4/1/2007 12:20 4:05:00 21 0.62 84.95 0.05 0.09 37.46 78.66%
4/1/2007 12:30 4:15:00 22 0.51 83.62 0.04 0.08 37.54 78.83%
4/1/2007 13:00 4:45:00 23 0.54 78.16 0.04 0.08 37.61 78.99%
4/1/2007 13:30 5:15:00 24 0.44 74.59 0.03 0.06 37.67 79.11%
4/1/2007 14:00 5:45:00 25 0.49 72.88 0.04 0.06 37.74 79.25%
4/1/2007 14:30 6:15:00 26 0.00 70.37 0.00 0.00 37.74 79.25%
4/1/2007 15:00 6:45:00 27 0.00 69.45 0.00 0.00 37.74 79.25%
4/1/2007 15:30 7:15:00 28 0.00 67.82 0.00 0.00 37.74 79.25%
4/1/2007 16:00 7:45:00 29 0.00 67.37 0.00 0.00 37.74 79.25%
4/1/2007 16:30 8:15:00 30 0.31 65.84 0.02 0.04 37.77 79.32%
4/1/2007 17:00 8:45:00 31 65.39 0.00 0.00 37.77 79.32%
4/1/2007 17:30 9:15:00 32 64.77 0.00 0.00 37.77 79.32%
4/1/2007 18:00 9:45:00 33 64.07 0.00 0.00 37.77 79.32%
4/1/2007 18:30 10:15:00 34 63.89 0.00 0.00 37.77 79.32%
Table E.5   continued
Date Time Trace Time
Samples 
number
RWT 
(µg/L)
Discharge 
(L/sec)
Instantaneous 
mass flux. 
(mg/sec)
Sample increment 
mass, grams 
(minutes * 60)
Cummulative 
Total (grams)
Cummulative % 
mass recovery
4/1/2007 20:00 11:45:00 35 0.00 62.82 0.00 0.00 37.77 79.32%
4/1/2007 22:00 13:45:00 36 61.69 0.00 0.00 37.77 79.32%
4/2/2007 0:00 15:45:00 37 60.56 0.00 0.00 37.77 79.32%
4/2/2007 2:00 17:45:00 38 59.71 0.00 0.00 37.77 79.32%
4/2/2007 4:00 19:45:00 39 58.62 0.00 0.00 37.77 79.32%
4/2/2007 6:00 21:45:00 40 0.00 57.62 0.00 0.00 37.77 79.32%
4/2/2007 8:00 23:45:00 41 0.00 56.71 0.00 0.00 37.77 79.32%
4/2/2007 10:00 25:45:00 42 0.00 55.94 0.00 0.00 37.77 79.32%
4/2/2007 12:00 27:45:00 43 0.00 57.49 0.00 0.00 37.77 79.32%
4/2/2007 16:00 31:45:00 44 54.23 0.00 0.00 37.77 79.32%
4/2/2007 20:00 35:45:00 45 53.06 0.00 0.00 37.77 79.32%
4/3/2007 0:00 39:45:00 46 52.41 0.00 0.00 37.77 79.32%
4/3/2007 4:00 43:45:00 47 51.43 0.00 0.00 37.77 79.32%
4/3/2007 8:00 47:45:00 48 50.41 0.00 0.00 37.77 79.32%
4/3/2007 12:00 51:45:00 49 49.15 0.00 0.00 37.77 79.32%
4/3/2007 16:00 55:45:00 50 48.62 0.00 0.00 37.77 79.32%
4/3/2007 20:00 59:45:00 51 72.80 0.00 0.00 37.77 79.32%
4/3/2007 21:00 60:45:00 52 195.93 0.00 0.00 37.77 79.32%
4/3/2007 22:00 61:45:00 53 276.41 0.00 0.00 37.77 79.32%
4/3/2007 23:00 62:45:00 54 357.21 0.00 0.00 37.77 79.32%
4/4/2007 0:00 63:45:00 55 312.33
4/4/2007 1:00 64:45:00 56 251.39
4/4/2007 2:00 65:45:00 57 202.92
4/4/2007 3:00 66:45:00 58 168.03
4/4/2007 4:00 67:45:00 59 147.01
4/4/2007 5:00 68:45:00 60 132.89
4/4/2007 6:00 69:45:00 61 122.71
4/4/2007 7:00 70:45:00 62 115.61
4/4/2007 8:00 71:45:00 63 110.40
4/4/2007 9:00 72:45:00 64 106.03
4/4/2007 10:00 73:45:00 65 102.29
4/4/2007 11:00 74:45:00 66 99.20
4/4/2007 12:00 75:45:00 67 96.02
4/4/2007 13:00 76:45:00 68 93.69
4/4/2007 14:00 77:45:00 69 90.92
Table E.6     April 1, 2007, storm-flow microsphere mass recovery.
Date Time trace time Samples
# of spheres 
recovered mL of sample spheres/L
discharge 
(L/sec) spheres/sec
total sphere 
flux
4/1/2007 8:15 0:00:00 bkg 125.98 0.00E+00
4/1/2007 9:00 0:45:00 1 0 100 0 158.23 0.00E+00
4/1/2007 9:10 0:55:00 2 0 100 0 155.47 0.00E+00
4/1/2007 9:20 1:05:00 3 14 100 140 152.33 2.13E+04 1.28E+07
4/1/2007 9:30 1:15:00 4 108 1 108000 146.27 1.58E+07 9.48E+09
4/1/2007 9:40 1:25:00 5 106 1 106000 142.29 1.51E+07 9.05E+09
4/1/2007 9:50 1:35:00 6 54 1 54000 137.99 7.45E+06 4.47E+09
4/1/2007 10:00 1:45:00 7 335 1 335000 131.85 4.42E+07 2.65E+10
4/1/2007 10:10 1:55:00 8 80 1 80000 127.08 1.02E+07 6.10E+09
4/1/2007 10:20 2:05:00 9 46 1 46000 124.00 5.70E+06 3.42E+09
4/1/2007 10:30 2:15:00 10 51 1 51000 121.92 6.22E+06 3.73E+09
4/1/2007 10:40 2:25:00 11 49 1 49000 117.70 5.77E+06 3.46E+09
4/1/2007 10:50 2:35:00 12 82 1 82000 114.26 9.37E+06 5.62E+09
4/1/2007 11:00 2:45:00 13 82 1 82000 110.41 9.05E+06 5.43E+09
4/1/2007 11:10 2:55:00 14 35 1 35000 106.40 3.72E+06 2.23E+09
4/1/2007 11:20 3:05:00 15 17 10 1700 102.80 1.75E+05 1.05E+08
4/1/2007 11:30 3:15:00 16 83 10 8300 99.57 8.26E+05 4.96E+08
4/1/2007 11:40 3:25:00 17 70 10 7000 95.98 6.72E+05 4.03E+08
4/1/2007 11:50 3:35:00 18 34 10 3400 92.98 3.16E+05 1.90E+08
4/1/2007 12:00 3:45:00 19 54 10 5400 89.81 4.85E+05 2.91E+08
4/1/2007 12:10 3:55:00 20 27 100 270 87.53 2.36E+04 1.42E+07
4/1/2007 12:20 4:05:00 21 86 100 860 84.95 7.31E+04 4.38E+07
4/1/2007 12:30 4:15:00 22 41 100 410 83.62 3.43E+04 2.06E+07
4/1/2007 13:00 4:45:00 23 24 100 240 78.16 1.88E+04 1.13E+07
4/1/2007 13:30 5:15:00 24 11 100 110 74.59 8.20E+03 4.92E+06
4/1/2007 14:00 5:45:00 25 34 100 340 72.88 2.48E+04 1.49E+07
4/1/2007 14:30 6:15:00 26 23 100 230 70.37 1.62E+04 9.71E+06
4/1/2007 15:00 6:45:00 27 72 100 720 69.45 5.00E+04 3.00E+07
4/1/2007 15:30 7:15:00 28 34 100 340 67.82 2.31E+04 1.38E+07
4/1/2007 16:00 7:45:00 29 52 100 520 67.37 3.50E+04 2.10E+07
Table E.6     continued
Date Time trace time Samples
# of spheres 
recovered mL of sample spheres/L
discharge 
(L/sec) spheres/sec
total sphere 
flux
4/1/2007 16:30 8:15:00 30 9 100 90 65.84 5.93E+03 3.56E+06
4/1/2007 17:00 8:45:00 31 25 100 250 65.39 1.63E+04 9.81E+06
4/1/2007 17:30 9:15:00 32 13 100 130 64.77 8.42E+03 5.05E+06
4/1/2007 18:00 9:45:00 33 1 100 10 64.07 6.41E+02 3.84E+05
4/1/2007 18:30 10:15:00 34 17 100 170 63.89 1.09E+04 6.52E+06
4/1/2007 20:00 11:45:00 35 7 100 70 62.82 4.40E+03 2.64E+06
4/1/2007 22:00 13:45:00 36 3 100 30 61.69 1.85E+03 1.11E+06
4/2/2007 0:00 15:45:00 37 5 100 50 60.56 3.03E+03 1.82E+06
4/2/2007 2:00 17:45:00 38 3 100 30 59.71 1.79E+03 1.07E+06
4/2/2007 4:00 19:45:00 39 2 100 20 58.62 1.17E+03 7.03E+05
4/2/2007 6:00 21:45:00 40 5 100 50 57.62 2.88E+03 1.73E+06
4/2/2007 8:00 23:45:00 41 0 100 0 56.71 0.00E+00
4/2/2007 10:00 25:45:00 42 1 100 10 55.94 5.59E+02 4.03E+06
4/2/2007 12:00 27:45:00 43 4 100 40 57.49 2.30E+03 1.66E+07
4/2/2007 16:00 31:45:00 44 2 100 20 54.23 1.08E+03 1.56E+07
4/2/2007 20:00 35:45:00 45 1 100 10 53.06 5.31E+02 7.64E+06
4/3/2007 0:00 39:45:00 46 8 100 80 52.41 4.19E+03 6.04E+07
4/3/2007 4:00 43:45:00 47 3 100 30 51.43 1.54E+03 2.22E+07
4/3/2007 8:00 47:45:00 48 0 100 0 50.41 0.00E+00
4/3/2007 12:00 51:45:00 49 1 100 10 49.15 4.91E+02 7.08E+06
4/3/2007 16:00 55:45:00 50 2 100 20 48.62 9.72E+02 1.40E+07
4/3/2007 20:00 59:45:00 51 11 100 110 72.80 8.01E+03 1.15E+08
4/3/2007 21:00 60:45:00 52 76 10 7600 195.93 1.49E+06 5.36E+09
4/3/2007 22:00 61:45:00 53 15 10 1500 276.41 4.15E+05 1.49E+09
4/3/2007 23:00 62:45:00 54 46 10 4600 357.21 1.64E+06 5.92E+09
4/4/2007 0:00 63:45:00 55 23 10 2300 312.33 7.18E+05 2.59E+09
4/4/2007 1:00 64:45:00 56 55 10 5500 251.39 1.38E+06 4.98E+09
4/4/2007 2:00 65:45:00 57 31 10 3100 202.92 6.29E+05 2.26E+09
4/4/2007 3:00 66:45:00 58 17 10 1700 168.03 2.86E+05 1.03E+09
4/4/2007 4:00 67:45:00 59 36 10 3600 147.01 5.29E+05 1.91E+09
Table E.6     continued
Date Time trace time Samples
# of spheres 
recovered mL of sample spheres/L
discharge 
(L/sec) spheres/sec
total sphere 
flux
4/4/2007 5:00 68:45:00 60 24 100 240 132.89 3.19E+04 1.15E+08
4/4/2007 6:00 69:45:00 61 14 100 140 122.71 1.72E+04 6.18E+07
4/4/2007 7:00 70:45:00 62 2 100 20 115.61 2.31E+03 8.32E+06
4/4/2007 8:00 71:45:00 63 25 100 250 110.40 2.76E+04 9.94E+07
4/4/2007 9:00 72:45:00 64 6 100 60 106.03 6.36E+03 2.29E+07
4/4/2007 10:00 73:45:00 65 22 100 220 102.29 2.25E+04 8.10E+07
4/4/2007 11:00 74:45:00 66 9 100 90 99.20 8.93E+03 3.21E+07
4/4/2007 12:00 75:45:00 67 2 100 20 96.02 1.92E+03 6.91E+06
4/4/2007 13:00 76:45:00 68 3 100 30 93.69 2.81E+03 1.01E+07
4/4/2007 14:00 77:45:00 69 0 100 0 90.92 0.00E+00
4/4/2007 18:00 81:45:00 70 0 100 0 85.55 0.00E+00
4/5/2007 0:00 87:45:00 71 2 100 20 79.63 1.59E+03
4/5/2007 6:00 93:45:00 72 1 100 10 74.42 7.44E+02
4/5/2007 12:00 99:45:00 73 0 100 0 70.62 0.00E+00
4/6/2007 0:00 111:45:00 74 0 100 0 63.83 0.00E+00
4/6/2007 12:00 123:45:00 75 0 100 0 58.82 0.00E+00
4/7/2007 0:00 135:45:00 76 0 100 0 56.75 0.00E+00
4/7/2007 12:00 147:45:00 77 0 100 0 53.51 0.00E+00
4/8/2007 0:00 159:45:00 78 1 100 10 53.10 5.31E+02
4/8/2007 12:00 171:45:00 79 0 100 0 49.76 0.00E+00
4/9/2007 0:00 183:45:00 80 0 100 0 45.49 0.00E+00
4/9/2007 12:00 207:45:00 81 0 100 0 42.95 0.00E+00
4/10/2007 0:00 231:45:00 82 0 100 0 42.71 0.00E+00
4/10/2007 12:00 255:45:00 83 3 100 30 48.88 1.47E+03 6.34E+07
4/11/2007 0:00 267:45:00 84 12 100 120 86.03 1.03E+04 4.46E+08
4/11/2007 12:00 279:45:00 85 6 100 60 56.58 3.39E+03 1.47E+08
4/12/2007 0:00 291:45:00 86 18 100 180 52.55 9.46E+03 4.09E+08
4/12/2007 12:00 303:45:00 87 11 100 110 51.84 5.70E+03 2.46E+08
4/13/2007 0:00 315:45:00 88 7 100 70 47.64 3.33E+03 1.44E+08
4/13/2007 12:00 327:45:00 89 6 100 60 294.07 1.76E+04 7.62E+08
Table E.6     continued
Date Time trace time Samples
# of spheres 
recovered mL of sample spheres/L
discharge 
(L/sec) spheres/sec
total sphere 
flux
4/14/2007 0:00 339:45:00 90 0 100 0 267.59 0.00E+00
4/14/2007 12:00 351:45:00 91 0 100 0 151.66 0.00E+00
4/15/2007 0:00 363:45:00 92 1 100 10 112.05 1.12E+03
4/15/2007 12:00 375:45:00 93 0 100 0 89.70 0.00E+00
4/16/2007 0:00 387:45:00 94 0 100 0 74.98 0.00E+00
4/25/2007 12:30 580:15:00 95 0 100 0 36.27 0.00E+00
total spheres introduced 3.75E+11
1st storm event % recovery 21.67
2nd storm event % recovery 6.96
3rd storm event % recovery 0.59
total % recovery 29.24
Table E.7     April 1, 2007, estimated 15N-enriched E. coli  mass recovery.
Date Time Trace time
Sample 
number
discharge 
(L/sec)
‰15N  
(enriched 
E.coli )
~ # of E.coli 
captured from 
curve calculation 
~ Enriched-
E.coli / L E.coli /sec Total E.coli  flux
4/1/2007 8:15 0:00:00 bkg 125.98
4/1/2007 9:00 0:45:00 1 158.23 114.44 1.34E+05 2.68E+05 4.24E+07 2.54E+10
4/1/2007 9:10 0:55:00 2 155.47 505.83 1.29E+07 2.59E+07 4.02E+09 2.41E+12
4/1/2007 9:20 1:05:00 3 152.33 291.67 2.42E+06 4.85E+06 7.38E+08 4.43E+11
4/1/2007 9:30 1:15:00 4 146.27 224.48 1.09E+06 2.17E+06 3.18E+08 1.91E+11
4/1/2007 9:40 1:25:00 5 142.29 111.84 1.25E+05 2.49E+05 3.54E+07 2.13E+10
4/1/2007 9:50 1:35:00 6 137.99 47.01 7.48E+03 1.50E+04 2.06E+06 1.24E+09
4/1/2007 10:00 1:45:00 7 131.85 34.92 2.69E+03 5.38E+03 7.09E+05 4.26E+08
4/1/2007 10:10 1:55:00 8 127.08 16.32 1.51E+02 3.01E+02 3.83E+04 2.30E+07
4/1/2007 10:20 2:05:00 9 124.00 7.85 6.56E+00 1.31E+01 1.63E+03 9.76E+05
4/1/2007 10:30 2:15:00 10 121.92 8.35 8.42E+00 1.68E+01 2.05E+03 1.23E+06
4/1/2007 10:40 2:25:00 11 117.70 6.49 3.17E+00 6.33E+00 7.46E+02 4.47E+05
4/1/2007 10:50 2:35:00 12 114.26 4.62 1.22E-01 2.44E-01 2.79E+01
4/1/2007 11:00 2:45:00 13 110.41 3.52
4/1/2007 11:10 2:55:00 14 106.40 3.88
4/1/2007 11:20 3:05:00 15 102.80 3.82
4/1/2007 11:30 3:15:00 16 99.57 4.19
4/1/2007 11:40 3:25:00 17 95.98 4.43
4/1/2007 11:50 3:35:00 18 92.98 3.93
4/1/2007 12:00 3:45:00 19 89.81 3.87
4/1/2007 12:10 3:55:00 20 87.53 4.42
4/1/2007 12:20 4:05:00 21 84.95 4.92
4/1/2007 12:30 4:15:00 22 83.62 3.77
4/1/2007 13:00 4:45:00 23 78.16 4.53
4/1/2007 13:30 5:15:00 24 74.59 4.66
4/1/2007 14:00 5:45:00 25 72.88 4.97
4/1/2007 14:30 6:15:00 26 70.37 5.03
4/1/2007 15:00 6:45:00 27 69.45 6.15
4/1/2007 15:30 7:15:00 28 67.82 5.23
Table E.7     continued
Date Time Trace time
Sample 
number
discharge 
(L/sec)
‰15N  
(enriched 
E.coli )
~ # of E.coli 
captured from 
curve calculation 
~ Enriched-
E.coli / L E.coli /sec Total E.coli  flux
4/1/2007 16:00 7:45:00 29 67.37 4.48
4/1/2007 16:30 8:15:00 30 65.84 5.24
4/1/2007 17:00 8:45:00 31 65.39 6.09
4/1/2007 17:30 9:15:00 32 64.77 5.45
4/1/2007 18:00 9:45:00 33 64.07 4.86
4/1/2007 18:30 10:15:00 34 63.89 4.87
4/1/2007 20:00 11:45:00 35 62.82 4.49
4/1/2007 22:00 13:45:00 36 61.69 4.49
4/2/2007 0:00 15:45:00 37 60.56 5.44
4/2/2007 2:00 17:45:00 38 59.71 5.17
4/2/2007 4:00 19:45:00 39 58.62 5.55
4/2/2007 6:00 21:45:00 40 57.62 5.26
4/2/2007 8:00 23:45:00 41 56.71 5.41
4/2/2007 10:00 25:45:00 42 55.94 5.03
4/2/2007 12:00 27:45:00 43 57.49 5.10
4/2/2007 16:00 31:45:00 44 54.23 4.97
4/2/2007 20:00 35:45:00 45 53.06 5.27
4/3/2007 0:00 39:45:00 46 52.41 5.39
4/3/2007 4:00 43:45:00 47 51.43 5.49
4/3/2007 8:00 47:45:00 48 50.41 5.00
4/3/2007 12:00 51:45:00 49 49.15 5.78
4/3/2007 16:00 55:45:00 50 48.62 4.99
4/3/2007 20:00 59:45:00 51 72.80 4.58
4/3/2007 21:00 60:45:00 52 195.93 5.62
4/3/2007 22:00 61:45:00 53 276.41 5.45
4/3/2007 23:00 62:45:00 54 357.21 5.48
4/4/2007 0:00 63:45:00 55 312.33 5.59
4/4/2007 1:00 64:45:00 56 251.39 5.01
4/4/2007 2:00 65:45:00 57 202.92 5.31
Table E.7     continued
Date Time Trace time
Sample 
number
discharge 
(L/sec)
‰15N  
(enriched 
E.coli )
~ # of E.coli 
captured from 
curve calculation 
~ Enriched-
E.coli / L E.coli /sec Total E.coli  flux
4/4/2007 3:00 66:45:00 58 168.03 4.76
4/4/2007 4:00 67:45:00 59 147.01 4.97
4/4/2007 5:00 68:45:00 60 132.89 4.46
4/4/2007 6:00 69:45:00 61 122.71 4.46
4/4/2007 7:00 70:45:00 62 115.61 4.90
4/4/2007 8:00 71:45:00 63 110.40 5.47
4/4/2007 9:00 72:45:00 64 106.03 5.52
4/4/2007 10:00 73:45:00 65 102.29 5.40
4/4/2007 11:00 74:45:00 66 99.20 5.54
4/4/2007 12:00 75:45:00 67 96.02 5.72
4/4/2007 13:00 76:45:00 68 93.69 5.40
4/4/2007 14:00 77:45:00 69 90.92 5.27
4/4/2007 18:00 81:45:00 70 85.55 5.18
4/5/2007 0:00 87:45:00 71 79.63 5.83
4/5/2007 6:00 93:45:00 72 74.42 5.04
4/5/2007 12:00 99:45:00 73 70.62 5.40
4/6/2007 0:00 111:45:00 74 63.83 4.77
4/6/2007 12:00 123:45:00 75 58.82 4.64
4/7/2007 0:00 135:45:00 76 56.75 4.86
4/7/2007 12:00 147:45:00 77 53.51 4.78
4/8/2007 0:00 159:45:00 78 53.10 5.88
4/8/2007 12:00 171:45:00 79 49.76 5.37
4/9/2007 0:00 183:45:00 80 45.49 4.21
4/9/2007 12:00 207:45:00 81 42.95 4.80
4/10/2007 0:00 231:45:00 82 42.71 4.25
4/10/2007 12:00 255:45:00 83 48.88 4.69
4/11/2007 0:00 267:45:00 84 86.03 4.56
4/11/2007 12:00 279:45:00 85 56.58 5.26
4/12/2007 0:00 291:45:00 86 52.55 5.70
Table E.7     continued
Date Time Trace time
Sample 
number
discharge 
(L/sec)
‰15N  
(enriched 
E.coli )
~ # of E.coli 
captured from 
curve calculation 
~ Enriched-
E.coli / L E.coli /sec Total E.coli  flux
4/12/2007 12:00 303:45:00 87 51.84 5.17
4/13/2007 0:00 315:45:00 88 47.64 5.38
4/13/2007 12:00 327:45:00 89 294.07 5.72
4/14/2007 0:00 339:45:00 90 267.59 5.87
4/14/2007 12:00 351:45:00 91 151.66 5.27
4/15/2007 0:00 363:45:00 92 112.05 5.77
4/15/2007 12:00 375:45:00 93 89.70 5.95
4/16/2007 0:00 387:45:00 94 74.98 5.96
Total E. coli injected 7.71E+12
~ E. coli  recovered 3.10E+12
Estimate % enriched E. coli recove 40.16
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Appendix F Example of Qtracer2 input and output for models. 
 
July 11, 2006 bromide storm flow trace   
 
SAMPLING FREQUENCY: UNITS (1=days, 2=hrs, 3=min, 4=sec) 
2 
TRACER RECOVERY CONCENTRATION: UNITS (1=g/L, 2=mg/L, 3=ug/L, 4=ng/L) 
2 
FLAG FOR BACKGROUND TRACER CONCENTRATION (1/0) AND [VALUE] 
1 0.00 
DISCHARGE IN DATA FILE OR CONSTANT: (1=data file, 2=constant) 
1 
DISCHARGE: UNITS (1=m^3/d, 2=m^3/hr, 3=m^3/min, 4=m^3/sec, 5=gpd, 6=gpm, 
    7=ft^3/d, 8=ft^3/hr, 9=ft^3/min, 10=ft^3/sec) [VALUE] 
4 0.0 
ESTIMATE AQUIFER VOLUME (1=yes, 0=no) 
1 
RADIAL DISTANCE TO SAMPLING STATION: UNITS (1=m, 2=ft, 3=km, 4=miles) VALUE 
1 500 
CORRECTION FOR SINUOSITY (1=yes, 0=no) [VALUE, def=1.0] 
1 1.1 
FLOW MEDIUM: POROSITY (1=subsurface channel, 2=surface channel, 
         3=porous medium, 4=fractured medium) [VALUE, def=1.0] 
1 1.0 
POROUS MEDIA FLOW: [UNITS, HYDR. COND.] OR FRACTURE(S) FLOW: [UNITS, HEIGHT] 
(1=m/s, 2=m/hr, 3=ft/s, 4=m/hr, 0=null) OR (1=m, 2=ft, 0=null) [VALUE] 
0 
NAME OF THE FILE OF INPUT/OUTPUT VALUES 
T2br_1.1sin_norm.OUT 
INTERPOLATE DATA (1=yes, 0=no) [NUMBER OF KNOTS] 
0 1000 
NAME OF THE INTERPOLATED OUTPUT VALUES FILE 
T2br_1.1sin_norm.INT 
EXTRAPOLATE DATA (1=yes, 0=no) [1=EXP. DECAY, 2=CUBIC HERMITE, 3=STAT. METH.] 
0 1 
VISUALIZATION: STRAIGHT DATA (CHECK PLOT JOIN OPLOT) 
0 1 1 1 
VISUALIZATION: INTERPOLATED DATA (CHECK PLOT JOIN OPLOT) 
0 1 1 1 
VISUALIZATION: CHATWIN PARAMETERS (CHECK PRINT PLOT OPLOT) 
0 0 1 1 
FLAG FOR FILE OF DATA FOR CXTFIT MODELING (CXTFIT Min Mout) 
0 0 0 
NAME OF FILE FOR SOLUTE-TRANSPORT MODELING (VALID IF FLAG=1) 
T2br_1.1sin_norm.ADV 
FLAG FOR NORMALIZED CONCENTRATION VALUES FILE (1/0) 
1 
NAME OF FILE FOR NORMALIZED CONCENTRATION VALUES (VALID IF FLAG=1) 
T2br_1.1sin_norm.NRM 
VISUALIZATION: NORMALIZED CONCENTRATION (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR NORMALIZED TRACER LOAD FILE (1/0) 
1 
NAME OF FILE FOR NORMALIZED TRACER LOAD VALUES (VALID IF FLAG=1) 
T2br_1.1sin_norm.LOD 
VISUALIZATION: NORMALIZED TRACER LOAD (CHECK PLOT JOIN OPLOT) 
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0 0 1 1 
FLAG FOR STANDARDIZED TIME AND CONCENTRATION VALUES FILE (1/0) 
1 
NAME OF FILE FOR STANDARDIZED TIME AND CONCENTRATION (VALID IF FLAG=1) 
T2br_1.1sin_norm.STN 
VISUALIZATION: STANDARDIZED TIME AND CONCENTRATION (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR OUTPUT TO SCREEN AND PAUSE AS NECESSARY (1/0) 
1 
FLAG FOR DATA ANALYSIS METHOD (1,ALL DATA; 2,BLOCK AVE; 3,BLOCK SKIP) 
1 
TIME  CONCENTRATION  DISCHARGE (CONDITIONAL) 
0.00 0.0000 0.2550 
2.20 0.0000 0.2000 
2.33 2.4193 0.1700 
2.50 4.3646 0.1658 
2.67 4.6749 0.1614 
2.83 3.9583 0.1568 
3.00 3.0136 0.1528 
3.17 2.0923 0.1503 
3.33 1.5556 0.1477 
3.50 1.0775 0.1444 
3.67 0.8118 0.1413 
3.83 0.6181 0.1390 
4.00 0.4800 0.1374 
4.17 0.3882 0.1348 
4.33 0.3276 0.1333 
4.50 0.2740 0.1317 
4.67 0.2365 0.1297 
4.83 0.2158 0.1295 
5.00 0.2161 0.1281 
5.17 0.1866 0.1267 
5.33 0.1816 0.1259 
5.50 0.1684 0.1250 
5.67 0.0000 0.1240 
5.83 0.0000 0.1228 
6.00 0.0000 0.1219 
6.17 0.0000 0.1202 
6.67 0.0000 0.1190 
7.17 0.0000 0.1176 
7.67 0.0000 0.1162 
8.17 0.0000 0.1151 
8.67 0.0000 0.1183 
9.17 0.0000 0.2282 
9.67 0.0000 0.2283 
10.17 0.0000 0.1943 
10.67 0.0000 0.2451 
11.17 0.0000 0.2571 
11.67 0.0000 0.2619 
12.17 0.0000 0.2586 
12.67 0.0000 0.2506 
13.17 0.0000 0.2380 
13.67 0.0000 0.2219 
14.17 0.0000 0.2059 
14.67 0.0000 0.1929 
15.17 0.0000 0.1805 
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15.67 0.0000 0.1695 
16.17 0.0000 0.1601 
16.67 0.0000 0.1539 
17.17 0.0000 0.1489 
17.67 0.0000 0.1446 
18.17 0.0000 0.1416 
22.17 0.0000 0.1287 
23.17 0.0000 0.1263 
24.17 0.0000 0.1241 
 
 
 
     ******************************************************************* 
     *                                                                 * 
     *  Listing of output for: T2br_1.1sin_norm.dat                    * 
     *                                                                 * 
     ******************************************************************* 
 
 
 
          Limits to integration for the data file: T2br_1.1sin_norm.dat                     
 
               Lower integration limit                              0.0000     hrs 
               Upper integration limit                              24.170     hrs 
 
               The quantity of tracer recovered                     2.5209     kg 
                                                                    2520.9     g 
                                                                    .25209E+07 mg 
                                                                    .25209E+10 
 
 
               Distance from input to outflow point                 550.00     m 
               Corrected for sinuosity =  1.10X 
 
 
 
 
 
 
               Time to leading edge (first arrival)                 2.3300     hrs 
 
 
               Time to peak tracer concentration                    2.6700     hrs 
               For a peak tracer concentration                      4.6749     mg/L 
 
 
 
               The mean tracer transit time                         .12437     d 
                                                                    2.9849     hrs 
                                                                    179.09     min 
 
 
               Variance for mean tracer time                        .65605E-03 d^2 
                                                                    .37789     hrs^2 
                                                                    1360.4     min^2 
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               Standard deviation for tracer time                   .25614E-01 d 
                                                                    .61472     hrs 
                                                                    36.883     min 
 
 
 
 
 
 
               The mean tracer velocity                             4422.3     m/d 
                                                                    184.26     m/hr 
                                                                    .51184E-01 m/s 
 
               Standard deviation for tracer velocity               768.45     m/d 
                                                                    32.019     m/hr 
                                                                    .88941E-02 m/s 
 
 
 
               Dispersion coefficient                               .20982     m^2/s 
               Longitudinal dispersivity                            4.0993     m 
 
 
               Peclet number                                        134.17     
                                                                    Advection > Diffusion 
 
 
               The maximum tracer velocity                          5665.2     m/d 
                                                                    236.05     m/hr 
                                                                    .65570E-01 m/s 
 
 
 
 
 
               Flow-channel volume estimate                         2355.0     m^3 
                Based on a lower integration limit                  0.0000     hrs 
                and on an upper integration limit                   2.9849     hrs 
 
               Flow-channel cross-sectional area                    4.2818     m^2 
 
               Flow-channel surface area                            .29524E+07 m^2 
                Tracer sorption coefficient (channel)               .67507E-03 m 
 
               Hydraulic head loss along channel                    .89925E-02 m 
                Based on a friction factor                          .28581     
 
 
               Viscous-flow sublayer along walls                    1.3665     mm 
 
 
               Estimated Reynolds number                            .10483E+06 
                Based on an estimated tube diameter                 2.3349     m 
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               Estimated Froude number                              .12069E-01 
                Based on an estimated hydraulic depth               1.8338     m 
 
 
 
               Molecular mass transport parameters 
 
 
                Shear velocity                                      .17148E-01 m/s 
 
 
                Estimated Schmidt number                            1140.0     
 
 
                Estimated Sherwood number                           3529.4     
 
 
                Mass transfer coef. from wall to flow               .15116E-05 m/s 
 
 
                Molecular diffusion layer thickness                 .66155     mm 
  
 
 
 
               Percent recovery of tracer injected                  54.162     % 
 
 
               Accuracy index (0.0 = Perfect Recov.)                0.4584     
 
 
  
  
 
 
     ******************************************************************* 
     *                                                                 * 
     *  LISTING OF TOTAL ESTIMATES FOR: T2br_1.1sin_norm.dat           * 
     *                                                                 * 
     ******************************************************************* 
 
 
               Total quantity of tracer recovered                   2.5209     kg 
                                                                    2520.9     g 
  
  
 
 
               Total aquifer volume estimate                        2355.0     m^3 
 
               Total aquifer surface area estimate                  .29524E+07 m 
 
               Final tracer sorption coefficient                    .67507E-03 m 
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               Percent recovery of tracer injected                  54.162     % 
 
 
               Accuracy index (0.0 = Perfect Recov.)                0.4584     
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July 11, 2006 rhodamine WT storm flow trace 
 
SAMPLING FREQUENCY: UNITS (1=days, 2=hrs, 3=min, 4=sec) 
2 
TRACER RECOVERY CONCENTRATION: UNITS (1=g/L, 2=mg/L, 3=ug/L, 4=ng/L) 
3 
FLAG FOR BACKGROUND TRACER CONCENTRATION (1/0) AND [VALUE] 
1 0.00 
DISCHARGE IN DATA FILE OR CONSTANT: (1=data file, 2=constant) 
1 
DISCHARGE: UNITS (1=m^3/d, 2=m^3/hr, 3=m^3/min, 4=m^3/sec, 5=gpd, 6=gpm, 
    7=ft^3/d, 8=ft^3/hr, 9=ft^3/min, 10=ft^3/sec) [VALUE] 
4  
ESTIMATE AQUIFER VOLUME (1=yes, 0=no) 
1 
RADIAL DISTANCE TO SAMPLING STATION: UNITS (1=m, 2=ft, 3=km, 4=miles) VALUE 
1 500 
CORRECTION FOR SINUOSITY (1=yes, 0=no) [VALUE, def=1.0] 
1 1.1 
FLOW MEDIUM: POROSITY (1=subsurface channel, 2=surface channel, 
         3=porous medium, 4=fractured medium) [VALUE, def=1.0] 
1 1.0 
POROUS MEDIA FLOW: [UNITS, HYDR. COND.] OR FRACTURE(S) FLOW: [UNITS, HEIGHT] 
(1=m/s, 2=m/hr, 3=ft/s, 4=m/hr, 0=null) OR (1=m, 2=ft, 0=null) [VALUE] 
0 
NAME OF THE FILE OF INPUT/OUTPUT VALUES 
T2rwt_1.1sin_norm.OUT 
INTERPOLATE DATA (1=yes, 0=no) [NUMBER OF KNOTS] 
0 200 
NAME OF THE INTERPOLATED OUTPUT VALUES FILE 
T2rwt_1.1sin_norm.INT 
EXTRAPOLATE DATA (1=yes, 0=no) [1=EXP. DECAY, 2=CUBIC HERMITE, 3=STAT. METH.] 
0 1 
VISUALIZATION: STRAIGHT DATA (CHECK PLOT JOIN OPLOT) 
0 1 1 1 
VISUALIZATION: INTERPOLATED DATA (CHECK PLOT JOIN OPLOT) 
0 1 1 1 
VISUALIZATION: CHATWIN PARAMETERS (CHECK PRINT PLOT OPLOT) 
0 0 1 1 
FLAG FOR FILE OF DATA FOR CXTFIT MODELING (CXTFIT Min Mout) 
0 0 0 
NAME OF FILE FOR SOLUTE-TRANSPORT MODELING (VALID IF FLAG=1) 
T2rwt_1.1sin_norm.ADV 
FLAG FOR NORMALIZED CONCENTRATION VALUES FILE (1/0) 
1 
NAME OF FILE FOR NORMALIZED CONCENTRATION VALUES (VALID IF FLAG=1) 
T2rwt_1.1sin_norm.NRM 
VISUALIZATION: NORMALIZED CONCENTRATION (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR NORMALIZED TRACER LOAD FILE (1/0) 
1 
NAME OF FILE FOR NORMALIZED TRACER LOAD VALUES (VALID IF FLAG=1) 
T2rwt_1.1sin_norm.LOD 
VISUALIZATION: NORMALIZED TRACER LOAD (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR STANDARDIZED TIME AND CONCENTRATION VALUES FILE (1/0) 
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1 
NAME OF FILE FOR STANDARDIZED TIME AND CONCENTRATION (VALID IF FLAG=1) 
T2rwt_1.1sin_norm.STN 
VISUALIZATION: STANDARDIZED TIME AND CONCENTRATION (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR OUTPUT TO SCREEN AND PAUSE AS NECESSARY (1/0) 
1 
FLAG FOR DATA ANALYSIS METHOD (1,ALL DATA; 2,BLOCK AVE; 3,BLOCK SKIP) 
1 
TIME  CONCENTRATION  DISCHARGE (CONDITIONAL) 
0.00 0.000 0.255 
2.30 0.000 0.200 
2.33 33.398 0.170 
2.50 56.393 0.166 
2.67 60.760 0.161 
2.83 45.246 0.157 
3.00 32.228 0.153 
3.17 28.223 0.150 
3.33 17.285 0.148 
3.50 13.988 0.144 
3.67 11.369 0.141 
3.83 8.011 0.139 
4.00 6.378 0.137 
4.17 4.758 0.135 
4.33 3.672 0.133 
4.50 2.518 0.132 
4.67 2.546 0.130 
4.83 1.903 0.129 
5.00 1.627 0.128 
5.17 1.329 0.127 
5.33 1.474 0.126 
5.50 1.206 0.125 
5.67 1.221 0.124 
5.83 1.055 0.123 
6.00 1.085 0.122 
6.17 0.967 0.120 
6.67 0.848 0.119 
7.17 0.720 0.118 
7.67 0.747 0.116 
8.17 0.571 0.115 
8.67 0.473 0.118 
9.17 0.413 0.228 
9.67 0.426 0.228 
10.17 0.311 0.194 
10.67 0.247 0.245 
11.17 0.280 0.257 
11.67 0.301 0.262 
12.17 0.528 0.259 
12.67 0.194 0.251 
13.17 0.323 0.238 
13.67 0.192 0.222 
14.17 0.148 0.206 
14.67 0.806 0.193 
15.17 0.833 0.181 
15.67 0.861 0.169 
16.17 0.888 0.160 
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16.67 0.916 0.154 
17.17 0.943 0.149 
17.67 0.971 0.145 
18.17 0.998 0.142 
22.17 0.218 0.129 
23.17 0.000 0.126 
24.17 0.000 0.124 
 
 
 
     ******************************************************************* 
     *                                                                 * 
     *  Listing of output for: T2rwt_1.1sin_norm.dat                   * 
     *                                                                 * 
     ******************************************************************* 
 
 
 
          Limits to integration for the data file: T2rwt_1.1sin_norm.dat                    
 
               Lower integration limit                              0.0000     hrs 
               Upper integration limit                              24.170     hrs 
 
               The quantity of tracer recovered                     .36161E-01 kg 
                                                                    36.161     g 
                                                                    36161.     mg 
                                                                    .36161E+08 
 
 
               Distance from input to outflow point                 550.00     m 
               Corrected for sinuosity =  1.10X 
 
 
 
 
 
 
               Time to leading edge (first arrival)                 2.3300     hrs 
 
 
               Time to peak tracer concentration                    2.6700     hrs 
               For a peak tracer concentration                      60.760     
 
 
               The mean tracer transit time                         .19854     d 
                                                                    4.7650     hrs 
                                                                    285.90     min 
 
 
               Variance for mean tracer time                        .34995E-01 d^2 
                                                                    20.157     hrs^2 
                                                                    72565.     min^2 
 
 
               Standard deviation for tracer time                   .18707     d 
                                                                    4.4896     hrs 
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                                                                    269.38     min 
 
 
 
 
 
 
               The mean tracer velocity                             2770.2     m/d 
                                                                    115.42     m/hr 
                                                                    .32062E-01 m/s 
 
               Standard deviation for tracer velocity               1916.1     m/d 
                                                                    79.837     m/hr 
                                                                    .22177E-01 m/s 
 
 
 
               Dispersion coefficient                               .81315     m^2/s 
               Longitudinal dispersivity                            25.361     m 
 
 
               Peclet number                                        21.686     
                                                                    Advection > Diffusion 
 
 
               The maximum tracer velocity                          5665.2     m/d 
                                                                    236.05     m/hr 
                                                                    .65570E-01 m/s 
 
 
 
 
 
               Flow-channel volume estimate                         3286.2     m^3 
                Based on a lower integration limit                  0.0000     hrs 
                and on an upper integration limit                   4.7650     hrs 
 
               Flow-channel cross-sectional area                    5.9749     m^2 
 
               Flow-channel surface area                            .20283E+07 m^2 
                Tracer sorption coefficient (channel)               .10468E-02 m 
 
               Hydraulic head loss along channel                    .25748E-02 m 
                Based on a friction factor                          .24636     
 
 
               Viscous-flow sublayer along walls                    2.3497     mm 
 
 
               Estimated Reynolds number                            77571.     
                Based on an estimated tube diameter                 2.7582     m 
 
 
               Estimated Froude number                              .69562E-02 
                Based on an estimated hydraulic depth               2.1662     m 
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               Molecular mass transport parameters 
 
 
                Shear velocity                                      .99727E-02 m/s 
 
 
                Estimated Schmidt number                            1140.0     
 
 
                Estimated Sherwood number                           2748.8     
 
 
                Mass transfer coef. from wall to flow               .99662E-06 m/s 
 
 
                Molecular diffusion layer thickness                 1.0034     mm 
  
 
 
 
               Percent recovery of tracer injected                  60.750     % 
 
 
               Accuracy index (0.0 = Perfect Recov.)                0.3925     
 
 
     ******************************************************************* 
     *                                                                 * 
     *  LISTING OF TOTAL ESTIMATES FOR: T2rwt_1.1sin_norm.dat          * 
     *                                                                 * 
     ******************************************************************* 
 
 
               Total quantity of tracer recovered                   .36161E-01 kg 
                                                                    36.161     g 
  
  
 
 
               Total aquifer volume estimate                        3286.2     m^3 
 
               Total aquifer surface area estimate                  .20283E+07 m 
 
               Final tracer sorption coefficient                    .10468E-02 m 
 
 
  
  
  
  
               Percent recovery of tracer injected                  60.750     % 
 
 
               Accuracy index (0.0 = Perfect Recov.)                0.3925     
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April 1, 2007 bromide storm flow trace 
 
SAMPLING FREQUENCY: UNITS (1=days, 2=hrs, 3=min, 4=sec) 
2 
TRACER RECOVERY CONCENTRATION: UNITS (1=g/L, 2=mg/L, 3=ug/L, 4=ng/L) 
2 
FLAG FOR BACKGROUND TRACER CONCENTRATION (1/0) AND [VALUE] 
1 0.00 
DISCHARGE IN DATA FILE OR CONSTANT: (1=data file, 2=constant) 
1 
DISCHARGE: UNITS (1=m^3/d, 2=m^3/hr, 3=m^3/min, 4=m^3/sec, 5=gpd, 6=gpm, 
    7=ft^3/d, 8=ft^3/hr, 9=ft^3/min, 10=ft^3/sec) [VALUE] 
4 0.0 
ESTIMATE AQUIFER VOLUME (1=yes, 0=no) 
1 
RADIAL DISTANCE TO SAMPLING STATION: UNITS (1=m, 2=ft, 3=km, 4=miles) VALUE 
1 500 
CORRECTION FOR SINUOSITY (1=yes, 0=no) [VALUE, def=1.0] 
1 1.1 
FLOW MEDIUM: POROSITY (1=subsurface channel, 2=surface channel, 
         3=porous medium, 4=fractured medium) [VALUE, def=1.0] 
1 1.0 
POROUS MEDIA FLOW: [UNITS, HYDR. COND.] OR FRACTURE(S) FLOW: [UNITS, HEIGHT] 
(1=m/s, 2=m/hr, 3=ft/s, 4=m/hr, 0=null) OR (1=m, 2=ft, 0=null) [VALUE] 
0 
NAME OF THE FILE OF INPUT/OUTPUT VALUES 
T3br_1.1sin_norm.OUT 
INTERPOLATE DATA (1=yes, 0=no) [NUMBER OF KNOTS] 
0 1000 
NAME OF THE INTERPOLATED OUTPUT VALUES FILE 
T3br_1.1sin_norm.INT 
EXTRAPOLATE DATA (1=yes, 0=no) [1=EXP. DECAY, 2=CUBIC HERMITE, 3=STAT. METH.] 
0 1 
VISUALIZATION: STRAIGHT DATA (CHECK PLOT JOIN OPLOT) 
0 1 1 1 
VISUALIZATION: INTERPOLATED DATA (CHECK PLOT JOIN OPLOT) 
0 1 1 1 
VISUALIZATION: CHATWIN PARAMETERS (CHECK PRINT PLOT OPLOT) 
0 0 1 1 
FLAG FOR FILE OF DATA FOR CXTFIT MODELING (CXTFIT Min Mout) 
0 0 0 
NAME OF FILE FOR SOLUTE-TRANSPORT MODELING (VALID IF FLAG=1) 
T3br_1.1sin_norm.ADV 
FLAG FOR NORMALIZED CONCENTRATION VALUES FILE (1/0) 
1 
NAME OF FILE FOR NORMALIZED CONCENTRATION VALUES (VALID IF FLAG=1) 
T3br_1.1sin_norm.NRM 
VISUALIZATION: NORMALIZED CONCENTRATION (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR NORMALIZED TRACER LOAD FILE (1/0) 
1 
NAME OF FILE FOR NORMALIZED TRACER LOAD VALUES (VALID IF FLAG=1) 
T3br_1.1sin_norm.LOD 
VISUALIZATION: NORMALIZED TRACER LOAD (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR STANDARDIZED TIME AND CONCENTRATION VALUES FILE (1/0) 
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1 
NAME OF FILE FOR STANDARDIZED TIME AND CONCENTRATION (VALID IF FLAG=1) 
T3br_1.1sin_norm.STN 
VISUALIZATION: STANDARDIZED TIME AND CONCENTRATION (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR OUTPUT TO SCREEN AND PAUSE AS NECESSARY (1/0) 
1 
FLAG FOR DATA ANALYSIS METHOD (1,ALL DATA; 2,BLOCK AVE; 3,BLOCK SKIP) 
1 
TIME  CONCENTRATION  DISCHARGE (CONDITIONAL) 
0.000 0.0000 0.1260 
0.750 0.5537 0.1582 
0.917 4.3114 0.1555 
1.083 3.9411 0.1523 
1.250 2.7101 0.1463 
1.417 2.429 0.1423 
1.583 1.1199 0.1380 
1.750 0.534 0.1318 
1.917 0.3224 0.1271 
2.083 0.1944 0.1240 
2.250 0.1671 0.1219 
2.417 0.1409 0.1177 
2.583 0.122 0.1143 
2.750 0.1049 0.1104 
2.917 0.0000 0.1064 
3.083 0.0000 0.1028 
3.250 0.0000 0.0996 
3.417 0.0000 0.0960 
3.583 0.0000 0.0930 
3.750 0.0000 0.0898 
3.917 0.0000 0.0875 
4.083 0.0000 0.0850 
4.250 0.0000 0.0836 
4.750 0.0000 0.0782 
5.250 0.0000 0.0746 
5.750 0.0000 0.0729 
6.250 0.0000 0.0704 
6.750 0.0000 0.0694 
7.250 0.0000 0.0678 
7.750 0.0000 0.0674 
8.250 0.0000 0.0658 
8.750 0.0000 0.0654 
9.250 0.0000 0.0648 
9.750 0.0000 0.0641 
10.250 0.0000 0.0639 
11.750 0.0000 0.0628 
13.750 0.0000 0.0617 
15.750 0.0000 0.0606 
17.750 0.0000 0.0597 
19.750 0.0000 0.0586 
21.750 0.0000 0.0576 
23.750 0.0000 0.0567 
25.750 0.0000 0.0559 
 
 
     ******************************************************************* 
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     *                                                                 * 
     *  Listing of output for: T3br_1.1sin_norm.dat                    * 
     *                                                                 * 
     ******************************************************************* 
 
 
 
          Limits to integration for the data file: T3br_1.1sin_norm.dat                     
 
               Lower integration limit                              0.0000     hrs 
               Upper integration limit                              25.750     hrs 
 
               The quantity of tracer recovered                     1.5179     kg 
                                                                    1517.9     g 
                                                                    .15179E+07 mg 
                                                                    .15179E+10 
 
 
               Distance from input to outflow point                 550.00     m 
               Corrected for sinuosity =  1.10X 
 
 
 
 
 
 
               Time to leading edge (first arrival)                 .75000     hrs 
 
 
               Time to peak tracer concentration                    .91700     hrs 
               For a peak tracer concentration                      4.3114     mg/L 
 
 
 
               The mean tracer transit time                         .49791E-01 d 
                                                                    1.1950     hrs 
                                                                    71.700     min 
 
 
               Variance for mean tracer time                        .20550E-03 d^2 
                                                                    .11837     hrs^2 
                                                                    426.13     min^2 
 
 
               Standard deviation for tracer time                   .14335E-01 d 
                                                                    .34405     hrs 
                                                                    20.643     min 
 
 
 
 
 
 
               The mean tracer velocity                             11046.     m/d 
                                                                    460.25     m/hr 
                                                                    .12785     m/s 
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               Standard deviation for tracer velocity               2981.2     m/d 
                                                                    124.22     m/hr 
                                                                    .34504E-01 m/s 
 
 
 
               Dispersion coefficient                               1.2319     m^2/s 
               Longitudinal dispersivity                            9.6356     m 
 
 
               Peclet number                                        57.080     
                                                                    Advection > Diffusion 
 
 
               The maximum tracer velocity                          17600.     m/d 
                                                                    733.33     m/hr 
                                                                    .20370     m/s 
 
 
 
 
 
               Flow-channel volume estimate                         646.19     m^3 
                Based on a lower integration limit                  0.0000     hrs 
                and on an upper integration limit                   1.1950     hrs 
 
               Flow-channel cross-sectional area                    1.1749     m^2 
 
               Flow-channel surface area                            .55166E+07 m^2 
                Tracer sorption coefficient (channel)               .30230E-03 m 
 
               Hydraulic head loss along channel                    .21844     m 
                Based on a friction factor                          .58290     
 
 
               Viscous-flow sublayer along walls                    .38309     mm 
 
 
               Estimated Reynolds number                            .13716E+06 
                Based on an estimated tube diameter                 1.2231     m 
 
 
               Estimated Froude number                              .41654E-01 
                Based on an estimated hydraulic depth               .96060     m 
 
 
 
               Molecular mass transport parameters 
 
 
                Shear velocity                                      .61168E-01 m/s 
 
 
                Estimated Schmidt number                            1140.0     
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                Estimated Sherwood number                           4411.7     
 
 
                Mass transfer coef. from wall to flow               .36070E-05 m/s 
 
 
                Molecular diffusion layer thickness                 .27724     mm 
  
 
 
 
               Percent recovery of tracer injected                  27.927     % 
 
 
               Accuracy index (0.0 = Perfect Recov.)                0.7207     
 
 
  
  
 
 
     ******************************************************************* 
     *                                                                 * 
     *  LISTING OF TOTAL ESTIMATES FOR: T3br_1.1sin_norm.dat           * 
     *                                                                 * 
     ******************************************************************* 
 
 
               Total quantity of tracer recovered                   1.5179     kg 
                                                                    1517.9     g 
  
  
 
 
               Total aquifer volume estimate                        646.19     m^3 
 
               Total aquifer surface area estimate                  .55166E+07 m 
 
               Final tracer sorption coefficient                    .30230E-03 m 
 
 
  
  
  
  
               Percent recovery of tracer injected                  27.927     % 
 
 
               Accuracy index (0.0 = Perfect Recov.)                0.7207     
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April 1, 2007 rhodamine WT storm flow trace 
 
SAMPLING FREQUENCY: UNITS (1=days, 2=hrs, 3=min, 4=sec) 
2 
TRACER RECOVERY CONCENTRATION: UNITS (1=g/L, 2=mg/L, 3=ug/L, 4=ng/L) 
3 
FLAG FOR BACKGROUND TRACER CONCENTRATION (1/0) AND [VALUE] 
1 0.00 
DISCHARGE IN DATA FILE OR CONSTANT: (1=data file, 2=constant) 
1 
DISCHARGE: UNITS (1=m^3/d, 2=m^3/hr, 3=m^3/min, 4=m^3/sec, 5=gpd, 6=gpm, 
    7=ft^3/d, 8=ft^3/hr, 9=ft^3/min, 10=ft^3/sec) [VALUE] 
4 0.0 
ESTIMATE AQUIFER VOLUME (1=yes, 0=no) 
1 
RADIAL DISTANCE TO SAMPLING STATION: UNITS (1=m, 2=ft, 3=km, 4=miles) VALUE 
1 500 
CORRECTION FOR SINUOSITY (1=yes, 0=no) [VALUE, def=1.0] 
1 1.1 
FLOW MEDIUM: POROSITY (1=subsurface channel, 2=surface channel, 
         3=porous medium, 4=fractured medium) [VALUE, def=1.0] 
1 1.0 
POROUS MEDIA FLOW: [UNITS, HYDR. COND.] OR FRACTURE(S) FLOW: [UNITS, HEIGHT] 
(1=m/s, 2=m/hr, 3=ft/s, 4=m/hr, 0=null) OR (1=m, 2=ft, 0=null) [VALUE] 
0 
NAME OF THE FILE OF INPUT/OUTPUT VALUES 
T3rwt_1.1sin_norm.OUT 
INTERPOLATE DATA (1=yes, 0=no) [NUMBER OF KNOTS] 
0 1000 
NAME OF THE INTERPOLATED OUTPUT VALUES FILE 
T3rwt_1.1sin_norm.INT 
EXTRAPOLATE DATA (1=yes, 0=no) [1=EXP. DECAY, 2=CUBIC HERMITE, 3=STAT. METH.] 
0 1 
VISUALIZATION: STRAIGHT DATA (CHECK PLOT JOIN OPLOT) 
0 1 1 1 
VISUALIZATION: INTERPOLATED DATA (CHECK PLOT JOIN OPLOT) 
0 1 1 1 
VISUALIZATION: CHATWIN PARAMETERS (CHECK PRINT PLOT OPLOT) 
0 0 1 1 
FLAG FOR FILE OF DATA FOR CXTFIT MODELING (CXTFIT Min Mout) 
0 0 0 
NAME OF FILE FOR SOLUTE-TRANSPORT MODELING (VALID IF FLAG=1) 
T3rwt_1.1sin_norm.ADV 
FLAG FOR NORMALIZED CONCENTRATION VALUES FILE (1/0) 
1 
NAME OF FILE FOR NORMALIZED CONCENTRATION VALUES (VALID IF FLAG=1) 
T3rwt_1.1sin_norm.NRM 
VISUALIZATION: NORMALIZED CONCENTRATION (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR NORMALIZED TRACER LOAD FILE (1/0) 
1 
NAME OF FILE FOR NORMALIZED TRACER LOAD VALUES (VALID IF FLAG=1) 
T3rwt_1.1sin_norm.LOD 
VISUALIZATION: NORMALIZED TRACER LOAD (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR STANDARDIZED TIME AND CONCENTRATION VALUES FILE (1/0) 
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1 
NAME OF FILE FOR STANDARDIZED TIME AND CONCENTRATION (VALID IF FLAG=1) 
T3rwt_1.1sin_norm.STN 
VISUALIZATION: STANDARDIZED TIME AND CONCENTRATION (CHECK PLOT JOIN OPLOT) 
0 0 1 1 
FLAG FOR OUTPUT TO SCREEN AND PAUSE AS NECESSARY (1/0) 
1 
FLAG FOR DATA ANALYSIS METHOD (1,ALL DATA; 2,BLOCK AVE; 3,BLOCK SKIP) 
1 
TIME  CONCENTRATION  DISCHARGE (CONDITIONAL) 
0.000 0 0.1260 
0.750 14.819 0.1582 
0.917 111.074 0.1555 
1.083 92.441 0.1523 
1.250 71.187 0.1463 
1.417 61.218 0.1423 
1.583 30.678 0.1380 
1.750 14.565 0.1318 
1.917 8.610 0.1271 
2.083 4.934 0.1240 
2.250 3.035 0.1219 
2.417 2.432 0.1177 
2.583 1.698 0.1143 
2.750 1.472 0.1104 
2.917 1.205 0.1064 
3.083 1.025 0.1028 
3.250 0.901 0.0996 
3.417 0.824 0.0960 
3.583 0.763 0.0930 
3.750 0.663 0.0898 
3.917 0.593 0.0875 
4.083 0.617 0.0850 
4.250 0.514 0.0836 
4.750 0.543 0.0782 
5.250 0.444 0.0746 
5.750 0.494 0.0729 
6.250 0.000 0.0704 
6.750 0.000 0.0694 
7.250 0.000 0.0678 
7.750 0.000 0.0674 
8.250 0.306 0.0658 
8.750 0.000 0.0654 
9.250 0.000 0.0648 
9.750 0.000 0.0641 
10.250 0.000 0.0639 
11.750 0.000 0.0628 
13.750 0.000 0.0617 
15.750 0.000 0.0606 
17.750 0.000 0.0597 
19.750 0.000 0.0586 
21.750 0.000 0.0576 
23.750 0.000 0.0567 
25.750 0.000 0.0559 
 
 
     ******************************************************************* 
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     *                                                                 * 
     *  Listing of output for: T3rwt_1.1sin_norm.dat                   * 
     *                                                                 * 
     ******************************************************************* 
 
 
 
          Limits to integration for the data file: T3rwt_1.1sin_norm.dat                    
 
               Lower integration limit                              0.0000     hrs 
               Upper integration limit                              25.750     hrs 
 
               The quantity of tracer recovered                     .38928E-01 kg 
                                                                    38.928     g 
                                                                    38928.     mg 
                                                                    .38928E+08 
 
 
               Distance from input to outflow point                 550.00     m 
               Corrected for sinuosity =  1.10X 
 
 
 
 
 
 
               Time to leading edge (first arrival)                 .75000     hrs 
 
 
               Time to peak tracer concentration                    .91700     hrs 
               For a peak tracer concentration                      111.07     
 
 
               The mean tracer transit time                         .51640E-01 d 
                                                                    1.2394     hrs 
                                                                    74.362     min 
 
 
               Variance for mean tracer time                        .51066E-03 d^2 
                                                                    .29414     hrs^2 
                                                                    1058.9     min^2 
 
 
               Standard deviation for tracer time                   .22598E-01 d 
                                                                    .54235     hrs 
                                                                    32.541     min 
 
 
 
 
 
 
               The mean tracer velocity                             10651.     m/d 
                                                                    443.77     m/hr 
                                                                    .12327     m/s 
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               Standard deviation for tracer velocity               3236.9     m/d 
                                                                    134.87     m/hr 
                                                                    .37464E-01 m/s 
 
 
 
               Dispersion coefficient                               .95621     m^2/s 
               Longitudinal dispersivity                            7.7570     m 
 
 
               Peclet number                                        70.904     
                                                                    Advection > Diffusion 
 
 
               The maximum tracer velocity                          17600.     m/d 
                                                                    733.33     m/hr 
                                                                    .20370     m/s 
 
 
 
 
 
               Flow-channel volume estimate                         669.73     m^3 
                Based on a lower integration limit                  0.0000     hrs 
                and on an upper integration limit                   1.2394     hrs 
 
               Flow-channel cross-sectional area                    1.2177     m^2 
 
               Flow-channel surface area                            .53517E+07 m^2 
                Tracer sorption coefficient (channel)               .27940E-04 m 
 
               Hydraulic head loss along channel                    .19483     m 
                Based on a friction factor                          .56933     
 
 
               Viscous-flow sublayer along walls                    .40202     mm 
 
 
               Estimated Reynolds number                            .13464E+06 
                Based on an estimated tube diameter                 1.2452     m 
 
 
               Estimated Froude number                              .39805E-01 
                Based on an estimated hydraulic depth               .97795     m 
 
 
 
               Molecular mass transport parameters 
 
 
                Shear velocity                                      .58287E-01 m/s 
 
 
                Estimated Schmidt number                            1140.0     
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                Estimated Sherwood number                           4344.2     
 
 
                Mass transfer coef. from wall to flow               .34889E-05 m/s 
 
 
                Molecular diffusion layer thickness                 .28663     mm 
  
 
 
 
               Percent recovery of tracer injected                  81.748     % 
 
 
               Accuracy index (0.0 = Perfect Recov.)                0.1825     
 
 
  
  
 
 
     ******************************************************************* 
     *                                                                 * 
     *  LISTING OF TOTAL ESTIMATES FOR: T3rwt_1.1sin_norm.dat          * 
     *                                                                 * 
     ******************************************************************* 
 
 
               Total quantity of tracer recovered                   .38928E-01 kg 
                                                                    38.928     g 
  
  
 
 
               Total aquifer volume estimate                        669.73     m^3 
 
               Total aquifer surface area estimate                  .53517E+07 m 
 
               Final tracer sorption coefficient                    .27940E-04 m 
 
 
  
  
  
  
               Percent recovery of tracer injected                  81.748     % 
 
 
               Accuracy index (0.0 = Perfect Recov.)                0.1825     
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Appendix G     MatLab program for centroid calculation 
 
Modified from Mukherjee (2003) by Ken MacPherson and James Ward  
 
 
function [x0,y0] = centroid(x,y) 
% CENTROID Center of mass of a polygon. 
% [X0,Y0] = CENTROID(X,Y) Calculates centroid  
% (center of mass) of planar polygon with vertices  
% coordinates X, Y. 
% Z0 = CENTROID(X+i*Y) returns Z0=X0+i*Y0 the same 
% as CENTROID(X,Y). 
 
 
% Algorithm: 
%  X0 = Int{x*ds}/Int{ds}, where ds - area element 
%  so that Int{ds} is total area of a polygon. 
%    Using Green's theorem the area integral can be  
%  reduced to a contour integral: 
%  Int{x*ds} = -Int{x^2*dy}, Int{ds} = Int{x*dy} along 
%  the perimeter of a polygon. 
%    For a polygon as a sequence of line segments 
%  this can be reduced exactly to a sum: 
%  Int{x^2*dy} = Sum{ (x_{i}^2+x_{i+1}^2+x_{i}*x_{i+1})* 
%  (y_{i+1}-y_{i})}/3; 
%  Int{x*dy} = Sum{(x_{i}+x_{i+1})(y_{i+1}-y_{i})}/2. 
%    Similarly 
%  Y0 = Int{y*ds}/Int{ds}, where 
%  Int{y*ds} = Int{y^2*dx} =  
%  = Sum{ (y_{i}^2+y_{i+1}^2+y_{i}*y_{i+1})* 
%  (x_{i+1}-x_{i})}/3. 
 
 % Handle input ...................... 
if nargin==0, help centroid, return, end 
if nargin==1 
  sz = size(x); 
  if sz(1)==2      % Matrix 2 by n 
    y = x(2,:); x = x(1,:); 
  elseif sz(2)==2  % Matrix n by 2 
    y = x(:,2); x = x(:,1); 
  else 
    y = imag(x); 
    x = real(x); 
  end 
end  
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 % Make a polygon closed .............. 
x = [x(:); x(1)]; 
y = [y(:); y(1)]; 
 
 % Check length ....................... 
l = length(x); 
if length(y)~=l 
  error(' Vectors x and y must have the same length') 
end 
 
 % X-mean: Int{x^2*dy} ................ 
del = y(2:l)-y(1:l-1); 
v = x(1:l-1).^2+x(2:l).^2+x(1:l-1).*x(2:l); 
x0 = v'*del; 
 
 % Y-mean: Int{y^2*dx} ................ 
del = x(2:l)-x(1:l-1); 
v = y(1:l-1).^2+y(2:l).^2+y(1:l-1).*y(2:l); 
y0 = v'*del; 
 
 % Calculate area: Int{y*dx} .......... 
a = (y(1:l-1)+y(2:l))'*del; 
tol= 2*eps; 
if abs(a)<tol 
  disp(' Warning: area of polygon is close to 0') 
  a = a+sign(a)*tol+(~a)*tol; 
end 
 % Multiplier 
a = 1/3/a; 
 
 % Divide by area ..................... 
x0 = -x0*a; 
y0 =  y0*a; 
 
if nargout < 2, x0 = x0+i*y0; end 
 
 
 
 
Matlab program filename.m to calculate centroid for three sets of tracer concentration 
data in MS-Excel worksheet. 
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A= xlsread('c:\matlab6p1\bin\win32\file.xls); % reading the excel file 
X =A(:,1);% reading the sampling time 
B= A(:,2);% reading the 2nd cloumn entries 
C= A(:,3);% reading the 3rd column entries 
D= A(:,4);% reading the 4th column entries 
reading the 7th column entries 
 
[a1,b1]=centroid(X,B) % centroid of graph of second column 
% 
 [a2,b2]=centroid(X,C)% centroid of graph of third column 
% 
 [a3,b3]=centroid(X,D)% centroid of graph of fourth column 
% 
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